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INTRODUCTION 
The multi-protein kinase mTORC1 (mammalian Target of Rapamycin Complex 1) regulates cell 
growth by coordinating upstream signals from growth factors, intracellular energy levels, and 
amino acid availability, and is often implicated in many human cancers, including Tuberous 
Sclerosis Complex (TSC). TSC is an autosomal dominant disorder characterized by benign 
tumors in a variety of organs, and currently affects 1 in 6000 individuals in the United States. 
Mutations in two evolutionarily conserved tumor suppressor genes, TSC1 and TSC2, are 
responsible for the disease. The TSC1 and TSC2 proteins form a tumor suppressor complex, 
which acts as the convergence point of many upstream regulatory signals in the mTORC1 
signaling network, with the notable exception of amino acid availability. TSC1/2 is a GTPase 
activating protein (GAP) for the small GTPase Rheb, which binds directly to mTORC1 and 
stimulates its activity when GTP-bound. In response to growth factor withdrawal or energy 
stress, activation of TSC1/2 leads to the inhibition of mTORC1 by suppressing Rheb-GTP levels. 
In contrast to growth factor signaling, the mechanism of regulation of mTORC1 activity in 
response to amino acids is poorly understood. Although Rheb is necessary for mTORC1 
activation, high Rheb-GTP levels achieved by TSC2 loss or Rheb overexpression have different 
consequences on amino acid signaling to mTORC1. While TSC2-decificient cells still respond to 
amino acid stimulation, Rheb overexpression makes the pathway insensitive to amino acid 
starvation. Prior to our proposed study, the reason for this difference was largely unknown, but 
we recently identified additional components of mTORC1 that are critical for amino acid 
signaling. Given the importance of the mTOR pathway in TSC treatment, understanding how 
impairment of TSC1/2 function results in the activation of mTORC1 is critical. With the long-term 
goal of developing cancer therapeutics based on mTORC1 regulatory mechanisms, our 
biochemical and structural studies attempted to address this question and find efficient means 
of regulating the mTOR signaling network.  
 
BODY 
Aim 1: Understand the role of Rheb-mediated phosphorylation of raptor in the regulation of 
mTORC1 
One of the major aims of this project is to understand the role of raptor in mTORC1 signaling.  
While analyzing the raptor phosphorylation, we found, by mass spectrometry, a new Raptor-
interacting protein, Rag, which interacts with mTORC1 in an amino acid–sensitive manner and 
is necessary for the activation of the mTORC1 pathway by amino acids. The Rag proteins are a 
unique family of small GTPases with a canonical Ras-like GTPase domain at the N-termini and 
a unique Rag A conserved region at the C-termini.  In mammals, there are four Rag genes, Rag 
A, Rag B, Rag C and Rag D. Rag A and Rag B are very similar with 98% amino acid identity in 
their overlapping sequences. Rag C and RagD are 81% similar, and they differ at their N and C 
termini. Rag A, B, C and D were shown to interact with each other in mammalian cells and in 
yeast. Gain and loss of function studies of Rag proteins pointed to their specific role in amino 
acid signaling to mTORC1 rather than growth factor signaling. When over-expressed, a GTP-
bound RagB mutant can rescue mTORC1 inactivation induced by amino acid but not serum 
starvation. When the Rag proteins were knocked down by RNAi, mTORC1 became insensitive 
to amino acid stimulation.  Although we do not fully understand how the Rag proteins activate 
mTORC1, a critical observation prompted us to hypothesize that they may regulate mTORC1 
localization within the cells. We observed that amino acid stimulation induces an mTOR 
localization change.  Supporting our hypothesis, when Rag proteins and raptor were knocked 
down, mTORC1 localization change in response to amino acid availability was prevented. 
Similarly, when a GTP bound RagB mutant was expressed in the cells, mTORC1 localization 
mimics amino acid induced state in the absence of amino acids (Appendix 1) 

The activation of the mTORC1 pathway by amino acids correlates with the movement of 
mTORC1 from an undefined location to a compartment containing Rab7, a marker of both late 
endosomes and lysosomes. How the Rag proteins regulate mTORC1 is unknown, but, in cells 
expressing a RagB mutant that is constitutively bound to GTP (RagBGTP), the mTORC1 
pathway is insensitive to amino acid starvation and mTORC1 resides in the Rab7-positive 
compartment even in the absence of amino acids. We previously proposed that amino acids 
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promote the translocation of mTORC1-in a Rag-dependent fashion-to the surface of an 
endomembrane compartment, where mTORC1 can find its well-known activator, Rheb. In the 
following study, we showed that amino acids induce the movement of mTORC1 to lysosomal 
membranes, where the Rag proteins reside. A complex encoded by the MAPKSP1, ROBLD3, 
and c11orf59 genes, which we term Ragulator, interacts with the Rag GTPases, recruits them to 
lysosomes, and is essential for mTORC1 activation. Constitutive targeting of mTORC1 to the 
lysosomal surface is sufficient to render the mTORC1 pathway amino acid insensitive and 
independent of Rag and Ragulator, but not Rheb, function. Thus, Rag-Ragulator-mediated 
translocation of mTORC1 to lysosomal membranes is the key event in amino acid signaling to 
mTORC1 (Appendix 5). 
 
 
Aim 2: Elucidate the structural features of mTORC1 and its interacting proteins via X-ray 
crystallography, cryo-EM and SAXS 
The study of mTORC1 phosphorylation of substrate sites has been greatly aided by 
pharmacological inhibitors of mTORC1, in particular rapamycin. Rapamycin, in complex with its 
intracellular receptor FKBP12 (FK506-binding protein of 12 kDa), acutely inhibits mTORC1 by 
binding to the FRB domain of mTOR. Yet, the molecular mechanism of how this high-affinity 
interaction perturbs mTOR kinase activity and the fully assembled mTORC1 is currently 
unknown. Thus, a detailed knowledge of mTORC1 structure, including the organization of its 
components, has the potential to help understand the regulation of its kinase activity and to aid 
in the development of more effective mTORC1 inhibitors. Therefore, we determined the first 
three-dimensional (3D) structure of the fully assembled human mTORC1 in an active state by 
cryo-EM. To perform a cryo-EM analysis of mTORC1, microgram quantities of intact and active 
mTORC1 was necessary. The large size (1 MDa) and instability of mTORC1 made it difficult to 
obtain the purified complex for structural analysis. To address this issue, we devised a method 
to purify microgram quantities of intact and active human mTORC1. Keys to the successful 
purification of mTORC1 were the development of a human cell line stably expressing a tagged 
raptor subunit that incorporates into endogenous mTORC1, the identification of buffer conditions 
that minimize mTORC1 disintegration and/or aggregation during purification, and the 
implementation of tandem gel filtration chromatography steps to separate mTORC1 from other 
large contaminants. Purified mTORC1 consists of equimolar quantities of mTOR, raptor, and 
mLST8 and of PRAS40 at substoichiometric level. The kinase activity of purified mTORC1 
toward S6K1 was sensitive to FKBP12-rapamycin and Torin1, an ATP-competitive inhibitor of 
mTOR. Negative-stain EM analysis of the purified complex revealed particles that were 
homogeneous in size and shape. Subsequently, we determined the three-dimensional (3D) 
structure of human mTORC1 by cryo-EM. This structure, together with labeling and biochemical 
studies, revealed the intricate organization of the components within mTORC1 and provides 
structural insights into the mechanism of its inhibition by FKBP12-rapamycin. In our recent 
publication, we reported that mTORC1 is an obligate dimer with an overall rhomboid shape and 
a central cavity. The dimeric interfaces are formed by interlocking interactions between the 
mTOR and raptor subunits. Extended incubation with FKBP12-rapamycin compromises the 
structural integrity of mTORC1 in a stepwise manner, leading us to propose a model in which 
rapamycin inhibits mTORC1-mediated phosphorylation of 4E-BP1 and S6K1 through different 
mechanisms. Based on these observations and our knowledge of the molecular organization of 
mTORC1, we proposed the following model for rapamycin-mediated inhibition of mTORC1. The 
initial binding of one FKBP12-rapamycin to mTORC1 causes a subtle conformational change in 
mTOR that weakens the mTOR-raptor interaction but does not suffice to disrupt the dimeric 
architecture. Moreover, the bound FKBP12-rapamycin likely occludes the binding of or blocks 
access to the active site for larger-sized substrates, such as S6K1. Over time, either amplified 
structural strain caused by the first FKBP12-rapamycin or, perhaps, the binding of a second 
rapamycin complex leads to a fast disintegration of the already “weakened” mTORC1 and the 
complete abolishment of 4E-BP1 phosphorylation. Therefore, our work suggests that in vitro 
rapamycin is an mTORC1 inhibitor that may work through at least two different modes. The fact 
that, within cells, rapamycin does not completely inhibit 4E-BP1 phosphorylation or mTORC1 
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stability suggests that cells contain buffering mechanisms that counter the effects of rapamycin 
on mTORC1 and that these are lost when mTORC1 is purified (Appendix 4). 
 

In addition to key research accomplishments described previously, we recently 
published two additional manuscripts that were supported by the grant. In our first manuscript, 
we described that leucine deprivation causes the caspase-dependent apoptotic death of 
melanoma cells because it failed to appropriately activate autophagy. Hyperactivation of the 
RAS-MEK pathway, which is common in melanoma, prevented leucine deprivation from 
inhibiting mTORC1, the main repressor of autophagy under nutrient-rich conditions. In an in vivo 
tumor xenograft model, the combination of a leucine-free diet and an autophagy inhibitor 
synergistically suppressed the growth of human melanoma tumors and triggered widespread 
apoptosis of the cancer cells. Together, our study represents proof of principle that anticancer 
effects can be obtained with a combination of autophagy inhibition and strategies to deprive 
tumors of leucine (Appendix 6). In our second study, we defined the mTOR-regulated 
phosphoproteome by quantitative mass spectrometry and characterized the primary sequence 
motif specificity of mTOR using positional scanning peptide libraries. We found that the 
phosphorylation response to insulin is largely mTOR dependent and that mTOR exhibits a 
unique preference for proline, hydrophobic, and aromatic residues at the +1 position. The 
adaptor protein Grb10 was identified as an mTORC1 substrate that mediates the inhibition of 
phosphoinositide 3-kinase typical of cells lacking tuberous sclerosis complex 2 (TSC2), a tumor 
suppressor and negative regulator of mTORC1. Our work clarifies how mTORC1 inhibits growth 
factor signaling and opens new areas of investigation in mTOR biology (Appendix 7). 
 
 
KEY RESEARCH ACCOMPLISHMENTS 

• Characterized intracellular localization of mTORC1 pathway components 
• Localized mTORC1 to different cellular membranes  
• Identified a lysosome based signaling system that is important for amino acid signaling 
• Showed that mTORC1 translocates to the lysosomal surface in response to amino acid 

stimulation, and the Rag GTPases constitutively reside on the lysosomal surface 
• Identified the Ragulator protein complex as novel Rag GTPase interacting proteins 
• Showed that the Ragulator tethers the Rag GTPases to the lysosomal surface 

independent of amino acid availability, and is required for amino acid-induced mTORC1 
lysosomal translocation 

• Constitutively localized mTORC1 to the lysosomal surface and showed that the 
mTORC1 pathway activity becomes insensitive to amino acid starvation when on the 
lysosomal membrane 

• Indicated lysosomes as the site of amino acid sensing in mammals for the first time 
• Developed purification methods for human mTORC1 and free raptor 
• Deciphered the structures of mTORC1 and free Raptor by cryo-EM 
• Analyzed the molecular architecture and subunit organization of mTORC1 based on 

antibody labeling and biochemical assays 
• Provided structural insights into the mechanism of inhibition by rapamycin 
• Developed Torin1 as a highly potent and specific mTOR inhibitor 
• Showed that rapamycin does not fully inhibit 4E-BP1 
• Developed a capillary isoelectric focusing technique under native conditions for the 

separation of mTOR complex isoforms and subcomplexes 
• Showed that defective autophagy upon leucine deprivation reveals a liability of 

melanoma cells 
• Triggered caspase activation and apoptosis of melanoma cells via leucine deprivation 
• Determined mTORC1 and MAPK pathways as regulators of sensitivity to leucine 

deprivation 
• Showed that leucine deprivation and chloroquine synergistically induce apoptosis in vivo 
• Defined the mTOR-regulated phosphoproteome by quantitative mass spectrometry 
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• Characterized the primary sequence motif specificity of mTOR using positional scanning 
peptide libraries 

• Identified Grb10 as an mTORC1 substrate  
 

REPORTABLE OUTCOMES 
• Publications: 

o Sancak, Y., Peterson, T.R., Shaul, Y.D., Lindquist, R.A., Thoreen, C.C., Bar-
Peled, L., and Sabatini, D.M. The Rag GTPases bind raptor and mediate amino 
acid signaling to mTORC1. Science 2008, 302 (5882), 1496-1501. 

o Thoreen, C.C., Kang, S.A., Chang, J.W., Liu, Q, Zhang, J., Gao, Y., Reichling, 
L.J., Sim, T. Sabatini, D.M., and Gray, N.S. An ATP-competitive mTOR inhibitor 
reveals rapamycin-insensitive functions of mTORC1. J. Biol. Chem. 2009, 284 
(12), 8023-8032. 

o Fonslow B.R., Kang S.A., Gestaut D.R., Graczyk B., Davis T.N., Sabatini D.M., 
Yates, J.R. Native Capillary Isoelectric Focusing for the Separation of Protein 
Complex Isoforms and Subcomplexes. Anal. Chem. 2010, 82 (15), 6643-6651. 

o Yip, C.K., Murata, K., Walz, T., Sabatini, D.M., Kang, S.A. Structure of the human 
mTOR complex I and its implications for rapamycin inhibition. Mol. Cell 2010, 38 
(5), 768-774. 

o Sancak, Y., Bar-Peled, L., Zoncu, R., Markhard, A.L., Nada, S. and Sabatini, 
D.M. Ragulator-Rag Complex Targets mTORC1 to the Lysosomal Surface and Is 
Necessary for Its Activation by Amino Acids. Cell 2010, 141 (2), 290-303. 

o Sheen, J.H., Zoncu, R., Kim, D., Sabatini, D.M. Defective Regulation of 
Autophagy upon Leucine Deprivation Reveals a Targetable Liability of Human 
Melanoma Cells In Vitro and In Vivo. Cancer Cell 2011 19(5), 613-628. 

o Hsu, P. P., Kang, S. A., Rameseder, J., Zhang, Y., Ottina, K., Lim, D., Peterson, 
T. R., Yongmun, C., Gray, N. S., Yaffe, M. B., Marto, J. A., Sabatini, D.M., (2011) 
The mTOR-Regulated Phosphoproteome Reveals a Mechanism of mTORC1-
Mediated Inhibition of Growth Factor Signaling. Science 2011 332, 1317-1322. 

• Meetings attended: 
David Sabatini 
o March 2008, “mTOR Signaling Pathways,” Wyeth Research Frontiers in Human 

Diseases Symposium, New York, New York. 
o April 2008, “mTOR1 vs mTOR2,” The LAM Foundation 2008 International 

Research Conference, Cincinnati, Ohio. 
o November 2008, “Regulation of growth by the mTOR pathway,” CNIO (Center for 

National Cancer Research) Conference on "Upstream of mTOR,” Madrid, Spain. 
o November 2008, “Regulation of growth by the mTOR pathway,” AACR Meeting 

on PI3K Signaling and Cancer”, Cambridge, Massachusetts. 
o April 2009, “Regulation of Growth by the mTOR pathway,” 2009 Annual Meeting 

of the American Association for Cancer Research, Denver, Colorado.  
o April 2009, “Crosstalk between PI3K and mTOR,” 2009 Keystone Symposia on 

PI 3-Kinase Signaling in Disease, Olympic Valley, California. 
o July 2009, “Protein Kinases & Protein Phosphorlaytion,” FASEB Summer 

Research Conference, Snowmass, Colorado. 
o August 2009, “Regulation of growth by the mTOR pathway,” 2009 EMBO 

meeting, Amsterdam, The Netherlands.     
o September 2009, “Identification and Clinical Assessment of Genes that Regulate 

the Response of Cancers to Rapamycin,” 2009 Starr Cancer Consortium Retreat, 
Cold Spring Harbor Laboratory, Cold Spring Harbor, New York. 

o October 2009, “Control of growth by the mTOR pathway,” AACR Frontiers in 
Basic Cancer Research, Boston, Massachusetts. 

o December 2009, “Growth by the mTOR Pathway,” ASCB: Regulation of Cell 
Growth Minisymposium, San Francisco, California.  Co-organized with Duojia 
Pan, Johns Hopkins University School of Medicine. 
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o February 2010, “mTOR and the control of Growth,” AACR Special 
Seminar:  Protein Translation and Cancer, San Diego, California.  

o March 2010, “mTOR and nutrient sensing,” 2010 Keystone Symposium on 
Metabolism and Cancer Progression.  Fairmont Hotel, Vancouver, Canada. 

o April 2010, “mTOR and the control of growth,” James Watson Cancer 
Symposium in April 2010, Dushu Lake Conference Hotel, Cold Spring Harbor 
Asia, Suzhou, China. 

o June 2010, “Control of growth by the mTOR pathway,” 2010 Gordon Research 
Conference on “Phosphorylation & G-Protein Mediated Signaling Networks,” 
University of New England, Biddeford, Maine. 

o September 2010, “Control of growth by the mTOR pathway,” Cell Press Lab 
Links Symposium: Cellular Metabolism and Cancer, Broad Institute, Cambridge, 
Massachusetts.  Co-organized with Cell Press.  

o September 2010, “Growth Control by the mTOR pathway,” Cell Signaling 
Conference, HHMI, Janella Farm Research Campus, Ashburn, Virginia. 

o February 2011, “Growth Control by the mTOR pathway,” AACR Special 
Conference, “Targeting P13K/mTOR Signaling in Cancer,” San Francisco, 
California.  Co-chairperson with Lewis C. Cantley and Funda Meric-Bernstam. 

o April 2011, “Regulation of Growth by the mTOR pathway,” AACR 102nd Annual 
Meeting, “Meet the Expert Session,” Orange county Convention Center, Orlando, 
FL. 

o April 2011, “Regulation of Growth by the mTOR pathway,” Stony Brook 
University, Molecular and Cellular Biology, “4th Annual MCB/BSB Meeting,” Stony 
Brook, NY. 

o June 2011, “Regulation of Growth by the mTOR pathway,” AFAR Grantee 
Conference 24th Annual Meeting, Santa Barbara, CA. 

o June 2011, Keynote Speaker: “Regulation of Growth by the mTOR pathway,” 8th 
Annual Research and Education Day, University of Western Ontario, London, 
Ontario, Canada. 

o June 2011, “Regulation of Growth by the mTOR pathway,” 2011 Gordon 
Research Conference on Cell Growth and Proliferation, Biddeford, Maine. 

o July 2011, “Regulation of Growth by the mTOR pathway,” Protein Kinases and 
Protein Phosphorylation, FASEB Summer Research Conference, Snowmass, 
Colorado. 
 

Seong Woo Kang 
o June 2008, “Pharmacological inhibition of mTORC1 and mTORC1” 2010 Gordon 

Research Conference on “Phosphorylation & G-Protein Mediated Signaling 
Networks,” University of New England, Biddeford, Maine. 

o April 2009, “Structure of the human mTOR complex I and its implications for 
rapamycin inhibition,” The LAM Foundation 2009 International Research 
Conference, Cincinnati, Ohio. 

o October 2009, “Pharmacological inhibition of mTORC1 and mTORC1,” AACR 
Frontiers in Basic Cancer Research, Boston, Massachusetts. 

o June 2010, “Structure of the human mTOR complex I and its implications for 
rapamycin inhibition,” “Phosphorylation & G-Protein Mediated Signaling 
Networks,” University of New England, Biddeford, Maine. 

 
Yasemin Sancak 
o June 2008, “The Rag GTPases bind raptor and mediate amino acid signaling to 

mTORC1” 2010 Gordon Research Conference on “Phosphorylation & G-Protein 
Mediated Signaling Networks,” University of New England, Biddeford, Maine. 

o January 2009, “The Rag GTPases bind raptor and mediate amino acid signaling 
to mTORC1” Biochemical Society Meeting, Oxford, England. 
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• Patents applied: 
o SOLUBLE MTOR COMPLEXES AND MODULATORS THEREOF, International 

patent application number: PCT/US2009/005656, Based on U.S. patent 
application number: 61/185923, 61/196772 and 61/106411, Inventors: Nathanael 
Gray et al. 
 

• Degrees awarded: 
o Yasemin Sancak, Ph.D. (May, 2010) 

 
 
CONCLUSION 
Our recent findings, together with previous work showing that Rheb is required for amino acids 
to activate the mTORC1 pathway and can localize to late endosomes/lysosomes, is consistent 
with a model in which amino acids induce mTORC1 to associate with the endomembrane 
system of the cell and thus allow it to encounter its activator Rheb. In this model, the essential 
role of the Ragulator-Rag complex is to serve as an amino acid-regulated docking site for 
mTORC1 on lysosomal membranes. Ragulator, which consists of p14, p18, and MP1, is a Rag-
interacting complex that is essential for amino acid signaling to mTORC1 and represents an 
additional critical component of the TORC1 signaling pathway in mammals and flies. The 
proposed link between the Rag and Rheb GTPases in the regulation of the mTORC1 pathway 
provides an explanation for why activation of mTORC1 occurs only when activators of both 
Rheb (e.g., growth factors and energy) and the Rags (i.e., amino acids) are available. In the 
second part of our study, we deciphered the molecular architecture of mTORC1 via cryo-
electron microscopy. For years, lack of meaningful structural information of the mTOR 
complexes has prevented us from answering a number of key questions concerning the 
mechanism of the action of the mTOR kinase, kinase-substrate interactions, and ultimately, its 
inhibition by FKBP12-rapamycin. Our structure of mTORC1 reveals that the holoenzyme exists 
as an obligate heterodimer, in which raptor provides a basis for the complex assembly in part by 
scaffolding mTOR through its multiple protein-protein interfaces. Even though the exact 
structural dynamics of mTORC1 with regard to kinase activity remain elusive, the gross 
conformational changes associated with rapamycin binding are critical for the substrate-specific 
inhibition of mTORC1.  
 The mTORC1 signaling pathway is a major therapeutic target for TSC. Early clinical 
trials of rapamycin already gave promising results in TSC patients, emphasizing the importance 
of understanding the structure and regulation of mTORC1. Over the past four years, we 
addressed two important aspects of mTOR biology: amino acid signaling and structure of 
mTORC1. Therefore, our work will lead to the discovery of novel signaling mechanisms that will 
provide a new foundation for the rational development of drugs targeting the mTOR pathway. 
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in others, such as adult liver, it does not sub-
stantially affect protein secretory function but
rather controls select transcriptional programs
such as lipogenesis. Preservation of the normal
hepatic lipid profile suggests that compounds
that inhibit XBP1 activation in the liver may
reduce serum lipids without causing hepatic
steatosis in patients with dyslipidemias.

Given XBP1’s known function as a key
mediator of the UPR, it was surprising that its
function in regulating lipogenesis was unre-
lated to the ER stress response. Indeed, apoB-
100 folding and secretion, as well as the overall
hepatocyte protein secretory function, were min-
imally compromised by loss of XBP1, likely
because XBP1 independent basal chaperone
gene expression is sufficient to accommodate
moderate secretory loads. Interestingly, IRE1a,
the upstream activator of XBP1, was constitu-
tively active in the Xbp1∆ liver, suggesting
the presence of a negative feedback loop that
precisely maintains XBP1s protein levels even
in the absence of ER stress. The nature of this
signal, and its relationship to the ER stress
response and to the activation of XBP1 in the

liver by carbohydrate feeding, require further
investigation.
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The Rag GTPases Bind Raptor and
Mediate Amino Acid Signaling
to mTORC1
Yasemin Sancak,1,2 Timothy R. Peterson,1,2 Yoav D. Shaul,1,2 Robert A. Lindquist,1,2
Carson C. Thoreen,1,2 Liron Bar-Peled,1 David M. Sabatini1,2,3*

The multiprotein mTORC1 protein kinase complex is the central component of a pathway that
promotes growth in response to insulin, energy levels, and amino acids and is deregulated in
common cancers. We find that the Rag proteins—a family of four related small guanosine
triphosphatases (GTPases)—interact with mTORC1 in an amino acid–sensitive manner and are
necessary for the activation of the mTORC1 pathway by amino acids. A Rag mutant that is
constitutively bound to guanosine triphosphate interacted strongly with mTORC1, and its
expression within cells made the mTORC1 pathway resistant to amino acid deprivation. Conversely,
expression of a guanosine diphosphate–bound Rag mutant prevented stimulation of mTORC1
by amino acids. The Rag proteins do not directly stimulate the kinase activity of mTORC1, but,
like amino acids, promote the intracellular localization of mTOR to a compartment that also
contains its activator Rheb.

The mTOR complex 1 (mTORC1) branch
of the mammalian target of rapamycin
(mTOR) pathway is a major driver of

cell growth in mammals and is deregulated in
many common tumors (1). It is also the target
of the drug rapamycin, which has generated
considerable interest as an anticancer therapy.

Diverse signals regulate the mTORC1 path-
way, including insulin, hypoxia, mitochondrial
function, and glucose and amino acid availa-
bility. Many of these are integrated upstream of
mTORC1 by the tuberous sclerosis complex
(TSC1-TSC2) tumor suppressor, which acts as
an important negative regulator of mTORC1
through its role as a guanosine triphosphatase
(GTPase)–activating protein (GAP) for Rheb, a
small guanosine triphosphate (GTP)–binding
protein that potently activates the protein ki-
nase activity of mTORC1 (2). Loss of either
TSC protein causes hyperactivation of mTORC1
signaling, even in the absence of many of the
upstream signals that are normally required to

maintain pathway activity. A notable excep-
tion is the amino acid supply, as the mTORC1
pathway remains sensitive to amino acid star-
vation in cells lacking either TSC1 or TSC2
(3–5).

The mechanisms through which amino acids
signal to mTORC1 remain mysterious. It is a
reasonable expectation that proteins that sig-
nal the availability of amino acids to mTORC1
are also likely to interact with it, but, so far,
no good candidates have been identified. Be-
cause most mTORC1 purifications rely on
antibodies to isolate mTORC1, we wondered
if in previous work antibody heavy chains
obscured, during SDS–polyacrylamide elec-
trophoresis (SDS-PAGE) analysis of purified
material, mTORC1-interacting proteins of 45
to 55 kD. Indeed, using a purification strategy
that avoids this complication (6), we identified
the 44-kD RagC protein as copurifying with
overexpressed raptor, the defining component
of mTORC1 (7–10).

RagC is a Ras-related small GTP-binding
protein and one of four Rag proteins in mam-
mals (RagA, RagB, RagC, and RagD). RagA
and RagB are very similar to each other and
are orthologs of budding yeast Gtr1p, whereas
RagC and RagD are similar and are orthologs
of yeast Gtr2p (11–13). In yeast and in human
cells, the Rag and Gtr proteins function as het-
erodimers consisting of one Gtr1p-like (RagA
or RagB) and one Gtr2p-like (RagC or RagD)
component (14, 15). The finding that RagC
copurifies with raptor was intriguing to us be-
cause, in yeast, Gtr1p and Gtr2p regulate the
intracellular sorting of the Gap1p amino acid
permease (16) and microautophagy (17), pro-
cesses modulated by amino acid levels and
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the TOR pathway (18–20). The Gtr proteins
have been proposed to act downstream or in
parallel to TORC1 in yeast because their over-
expression induces microautophagy even in
the presence of rapamycin, which normally sup-
presses it (17).

To verify our identification of RagC as an
mTORC1-interacting protein, we expressed
raptor with different pairs of Rag proteins in
human embryonic kidney (HEK)-293T cells.
Consistent with the Rags functioning as het-
erodimers, raptor copurified with RagA-C or
RagB-C, but not with RagA-B or the Rap2A
control protein (Fig. 1A). Because the nucle-
otide loading state of most GTP-binding pro-
teins regulates their functions, we generated
RagB, RagC, and RagD mutants predicted
(14, 16, 17) to be restricted to the GTP- or gua-
nosine diphosphate (GDP)–bound conforma-
tions (for simplicity, we call these mutants
RagBGTP, RagBGDP, etc.) (6). When expressed
with mTORC1 components, Rag heterodimers
containing RagBGTP immunoprecipitated with

more raptor and mTOR than did complexes
containing wild-type RagB or RagBGDP (Fig.
1B). The GDP-bound form of RagC increased
the amount of copurifying mTORC1, so that
RagBGTP-CGDP recovered the highest amount
of endogenous mTORC1 of any heterodimer
tested (Fig. 1C). Giving an indication of the
strength of the mTORC1-RagBGTP-CGDP asso-
ciation, in this same assay, we could not detect
coimmunoprecipitation of mTORC1 with Rheb1
(Fig. 1C), an established interactor and acti-
vator of mTORC1 (1). When expressed alone,
raptor, but not mTOR, associated with RagBGTP-
DGDP, which suggests that raptor is the key
mediator of the Rag-mTORC1 interaction (Fig.
1D). Consistent with this, rictor, an mTOR-
interacting protein that is only part of mTORC2
(1), did not copurify with any Rag heterodimer
(Fig. 1C and fig. S1). Last, highly purified rap-
tor interacted in vitro with RagB-D and, to a
larger extent, with RagBGTP-DGDP, which in-
dicates that the Rag-raptor interaction is most
likely direct (Fig. 1E).

We tested whether various Rag heterodimers
affected the regulation of the mTORC1 path-
way within human cells. In HEK-293T cells,
expression of the RagBGTP-DGDP heterodimer,
which interacted strongly with mTORC1, not
only activated the pathway, but also made it
insensitive to deprivation for leucine or total
amino acids, as judged by the phosphorylation
state of the mTORC1 substrate T389 of S6K1
(Fig. 2, A and B). The wild-type RagB-C
heterodimer had milder effects than RagBGTP-
CGDP, making the mTORC1 pathway insensi-
tive to leucine deprivation, but not to the stronger
inhibition caused by total amino acid starvation
(Fig. 2, A and B). Expression of RagBGDP-
DGTP, a heterodimer that did not interact with
mTORC1 (Fig. 1, C and D), had dominant-
negative effects, as it eliminated S6K1 phospho-
rylation in the presence, as well as absence, of
leucine or amino acids (Fig. 2, A and B). Ex-
pression of RagBGDP alone also suppressed
S6K1 phosphorylation (fig. S2). These results
suggest that the activity of themTORC1 pathway
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Fig. 1. Interaction of Rag heterodimers
with recombinant and endogenous mTORC1
in a manner that depends on the nucleotide
binding state of RagB. In (A) through (D)
HEK-293T cells were transfected with the
indicated cDNAs in expression vectors, cell
lysates were prepared, and lysates and he-
magglutinin (HA)– or FLAG-tagged immuno-
precipitates were analyzed by immunoblotting
for the amounts of the specified recombi-
nant or endogenous proteins. (E) In vitro
binding of purified FLAG-raptor with wild-
type RagB-D or RagBGTP-DGDP.
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under normal growth conditions depends on
endogenous Rag function.

To verify the actions of the Rags in a more
physiological setting than that achieved by tran-
sient cDNA transfection, we generated HEK-
293T cell lines stably expressing Rheb1, RagB,
or RagBGTP (attempts to generate lines stably ex-
pressing RagBGDP failed). Under normal growth
conditions, these cells were larger than control
cells and had higher levels of mTORC1 path-
way activity (Fig. 3A). Unlike transient Rheb1
overexpression (Fig. 2, A and B), stable ex-
pression did not make the mTORC1 pathway
insensitive to leucine or amino acid starvation
(Fig. 3, B and C), consistent with evidence that
transiently overexpressed Rheb may have non-
physiological consequences on amino acid sig-
naling to mTORC1 (4, 5). Stable expression
of a Rheb1GTP mutant was also unable to make
the mTORC1 pathway resistant to amino acid
deprivation (fig. S3). In contrast, stable expres-
sion of RagBGTP eliminated the sensitivity of the
mTORC1 pathway to leucine or total amino acid
withdrawal, whereas that of wild-type RagB
overcame sensitivity to leucine but not to amino

acid starvation (Fig. 3, B and C). Thus, transient
or stable expression of the appropriate Rag mu-
tants is sufficient to put the mTORC1 pathway
into states that mimic the presence or absence of
amino acids.

To determine if the Rag mutants affect sig-
naling to mTORC1 from inputs besides amino
acids, we tested whether in RagBGTP-expressing
cells themTORC1 pathwaywas resistant to other
perturbations known to inhibit it. This was not
the case, as oxidative stress, mitochondrial in-
hibition, or energy deprivation still reduced S6K1
phosphorylation in these cells (fig. S4). Moreover,
in HEK-293E cells, expression of RagBGTP-DGDP

did not maintainmTORC1 pathway activity in the
absence of insulin (Fig. 2C). Expression of the
dominant-negative RagBGDP-DGTP heterodimer
did, however, block insulin-stimulated phospho-
rylation of S6K1 (Fig. 2C), as did amino acid
starvation (Fig. 2D). Thus, although RagBGTP

expression mimics amino acid sufficiency, it
cannot substitute for other inputs that mTORC1
normally monitors.

This evidence for a primary role of the Rag
proteins in amino acid signaling to mTORC1

raised the question of where, within the pathway
that links amino acids to mTORC1, the Rag
proteins might function. The existence of the
Rag-mTORC1 interaction (Fig. 1), the effects on
amino acid signaling of the Rag mutants (Figs. 2
and 3), and the sensitivity to rapamycin of the
S6K1 phosphorylation induced by RagBGTP (fig.
S4), strongly suggested that the Rag proteins
function downstream of amino acids and up-
stream of mTORC1. To verify this, we took
advantage of the established finding that cyclo-
heximide reactivates mTORC1 signaling in cells
starved for amino acids by blocking protein
synthesis and thus boosting the levels of the
intracellular amino acids sensed by mTORC1
(21–23). Thus, if the Rag proteins act upstream of
amino acids, cycloheximide should overcome the
inhibitory effects of the RagBGDP-CGTP hetero-
dimer on mTORC1 signaling, but if they are
downstream, cycloheximide should not reactivate
the pathway. The results were clear: cyclo-
heximide treatment of cells reversed the inhi-
bition of mTORC1 signaling caused by leucine
deprivation, but not that caused by expression
of RagBGDP-CGTP (fig. S5). Given the place-
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Fig. 2. Effects of overexpressed RagBGTP-containing heterodimers on the
mTORC1 pathway and its response to leucine, amino acids, or insulin. Effects
of expressing the indicated proteins on the phosphorylation state of
coexpressed S6K1 in response to deprivation and stimulation with (A)
leucine, (B) total amino acids, or (C) insulin. Cell lysates were prepared from
HEK-293T cells deprived for 50 min of serum and of (A) leucine or (B) amino
acids and, then, where indicated, stimulated with leucine or amino acids for
10 min. HEK-293E cells (C) were deprived of serum for 50 min and, where

indicated, stimulated with 150 nM insulin for 10 min. Lysates and FLAG-immunoprecipitates were analyzed for the levels of the specified proteins and
the phosphorylation state of S6K1. (D) Effects of amino acid deprivation on insulin-mediated activation of mTORC1. HEK-293E cells were starved for
serum and amino acids or just serum for 50 min, and where specified, stimulated with 10 or 150 nM insulin. Cell lysates were analyzed for the level
and phosphorylation state of S6K1.
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ment of the Rag proteins downstream of amino
acids and upstream of mTORC1, we deter-
mined whether amino acids regulate the Rag-
mTORC1 interaction within cells. Initial tests
using transiently coexpressed Rag proteins and
mTORC1 components did not reveal any reg-
ulation of the interaction. Because we reasoned
that pronounced overexpression might over-
come the normal regulatory mechanisms that
operate within the cell, we developed an assay
(6), based on a reversible chemical cross-linker,
that allows us to detect the interaction of stably
expressed FLAG-tagged Rag proteins with
endogenous mTORC1. With this approach,
we readily found that amino acids, but not
insulin, promote the Rag-mTORC1 interaction
when we used either FLAG-tagged RagB or

RagD to isolate mTORC1 from cells (Fig. 3D
and fig. S6A). As the GTP-loading state of the
Rag proteins also regulates the Rag-mTORC1
interaction (Fig. 1), we determined whether ami-
no acids modulate the amount of GTP bound to
RagB. Indeed, amino acid stimulation of cells
increased the GTP loading of RagB (Fig. 3E).
Consistent with this, amino acids did not further
augment the already high level of interaction
between mTORC1 and the RagBGTP mutant
(Fig. 3D).

To determine whether the Rag proteins are
necessary for amino acids to activate themTORC1
pathway, we used combinations of lentivirally
delivered short hairpin RNAs (shRNAs) to sup-
press RagA and RagB or RagC and RagD at
the same time. Loss of RagA and RagB also led

to the loss of RagC and RagD and vice versa,
which suggests that, within cells, the Rag
proteins are unstable when not in hetero-
dimers (Fig. 3F). In cells with a reduction in
the expression of all the Rag proteins, leucine-
stimulated phosphorylation of S6K1 was strong-
ly reduced (Fig. 3G). The role of the Rag proteins
appears to be conserved in Drosophila cells as
double-stranded RNA–mediated suppression
of the Drosophila orthologs of RagB or RagC
eliminated amino acid–induced phosphoryl-
ation of dS6K (Fig. 3H). Consistent with ami-
no acids being necessary for activation of
mTORC1 by insulin, a reduction in Rag ex-
pression also suppressed insulin-stimulated
phosphorylation of S6K1 (fig. S6B). Thus, the
Rag proteins appear to be both necessary and
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Fig. 3. Insensitivity of the mTORC1 pathway to amino acid deprivation in cells stably
expressing RagBGTP. (A) Cell size distributions (graphs) and S6K1 phosphorylation
(immunoblot) of cells stably expressing RagB, Rheb1, RagGTP, or Rap2A. Mean cell diameters
(mm) ± SD are Rap2A, 16.05 ± 0.07; Rheb1, 16.79 ± 0.06; RagB, 16.40 ± 0.08; and
RagBGTP, 16.68 ± 0.06 (n = 4 and P < 0.0008 for all comparisons to Rap2A-expressing
cells). HEK-293T cells transduced with lentiviruses encoding the specified proteins were
deprived for 50 min for serum and (B) leucine or (C) total amino acids, and, where
indicated, restimulated with leucine or amino acids for 10 min. Cell lysates were analyzed for the levels of the specified proteins and the
phosphorylation state of S6K1. (D) Amino acid–stimulated interaction of the Rag proteins with mTORC1. HEK-293T cells stably expressing FLAG-
tagged RagB, RagD, or RagBGTP were starved for amino acids and serum for 50 min and, where indicated, restimulated with amino acids for 10 min.
Cells were then processed with a chemical cross-linking assay, and cell lysates and FLAG immunoprecipitates were analyzed for the amounts of the
indicated proteins. (E) Effects of amino acid stimulation on GTP loading of RagB. Values are means ± SD for n = 3 (P < 0.02 for increase in GTP
loading caused by amino acid stimulation). (F) Abundance of RagA, RagB, RagC, and RagD in HeLa cells expressing the indicated shRNAs. (G) S6K1
phosphorylation in HeLa cells expressing shRNAs targeting RagC and RagD. Cells were deprived of serum and leucine for 50 min, and, where
indicated, were restimulated with leucine for 10 min. (H) Effects of double-stranded RNA (dsRNA)–mediated knockdowns of Drosophila orthologs of
RagB or RagC on amino acid–induced phosphorylation of dS6K.
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sufficient for mediating amino acid signaling to
mTORC1.

Unlike Rheb (24, 25), the Rag heterodimers
did not directly stimulate the kinase activity
of mTORC1 in vitro (fig. S7), so we consid-
ered the possibility that the Rag proteins reg-
ulate the intracellular localization of mTOR.
mTOR is found on the endomembrane system
of the cell, including the endoplasmic reticu-
lum, Golgi apparatus, and endosomes (26, 27).
The intracellular localization of endogenous
mTOR, as revealed with an antibody that we
validated recognizes mTOR in immuno-
fluorescence assays (fig. S8), was strikingly
different in cells deprived of amino acids than
in cells starved and briefly restimulated with
amino acids (Fig. 4A and fig. S11) or growing
in fresh complete media (fig. S9). In starved
cells, mTOR was in tiny puncta throughout the
cytoplasm, whereas in cells stimulated with
amino acids for as little as 3 min, mTOR lo-
calized to the perinuclear region of the cell, to
large vesicular structures, or to both (Fig. 4A).
Rapamycin did not block the change in mTOR

localization induced by amino acids (Fig. 4A),
which indicated that it is not a consequence of
mTORC1 activity but rather may be one of
the mechanisms that underlies mTORC1 acti-
vation. The amino acid–induced change in mTOR
localization required expression of the Rag pro-
teins and of raptor (Fig. 4, B and C), and amino
acids also regulated the localization of raptor
(fig. S10).

In cells overexpressing RagB, Rheb1, or
Rheb1GTP, mTOR behaved as in control cells,
its localization changing upon amino acid stimu-
lation from small puncta to the perinuclear region
and vesicular structures (Fig. 4D). In contrast, in
cells overexpressing the RagBGTP mutant that
eliminates the amino acid sensitivity of the
mTORC1 pathway, mTOR was already present
on the perinuclear and vesicular structures in
the absence of amino acids, and became even
more localized to them upon the addition of
amino acids (Fig. 4D). Thus, there is a correla-
tion, under amino acid–starvation conditions,
between the activity of the mTORC1 pathway
and the subcellular localization of mTOR,

which implies a role for Rag-mediated mTOR
translocation in the activation of mTORC1 in
response to amino acids.

We failed to find an established marker of
the endomembrane system that colocalized with
mTOR in amino acid–starved cells. However, in
cells stimulated with amino acids, mTOR in the
perinuclear region and on the large vesicular
structures overlapped with Rab7 (Fig. 5A), which
indicated that a substantial fraction of mTOR
translocated to the late endosomal and lysosomal
compartments in amino acid–replete cells. In
cells expressing RagBGTP, mTOR was present on
the Rab7-positive structures even in the absence
of amino acids (Fig. 5B).

The perinuclear region and vesicular struc-
tures on which mTOR appears after amino acid
stimulation are similar to the Rab7-positive
structures where green fluorescent protein (GFP)–
tagged Rheb localizes in human cells (28, 29).
Unlike mTOR, however, amino acids did not
appreciably affect the localization of Rheb, as
GFP-Rheb1 colocalized withDiscosoma red flu-
orescent protein (DsRed)–labeled Rab7 (DsRed-

Fig. 4. Rag-dependent
regulation by amino
acids of the intracel-
lular localizationofmTOR.
(A) HEK-293T cells were
starved for serum and
amino acids for 50 min
or starved and then re-
stimulated with amino
acids for the indicated
times in the presence or
absence of rapamycin.
Cells were then processed
in an immunofluores-
cence assay to detect
mTOR (green), costained
with 4′,6′-diamidino-2-
phenylindole (DAPI) for
DNA content (blue), and
imaged. Of these cells,
80 to 90% exhibited the
mTOR localization pattern
shown. (B) and (C) mTOR
localization in HEK-293T
cells expressing the in-
dicated shRNAs and de-
prived and restimulated
with amino acids as in
(A). Immunoblot of rap-
tor expression levels. (D)
mTOR localization inHEK-

293T cells stably expressing RagB, Rheb1, RagBGTP, or Rheb1GTP and deprived
and restimulated with amino acids as in (A).
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Rab7) in the presence or absence of amino
acids (Fig. 5C). Unfortunately, it is currently
not possible to compare, in the same cells, the
localization of endogenous mTOR with that of
Rheb, because the signal for GFP-Rheb or
endogenous Rheb is lost after fixed cells are
permeabilized to allow access to intracellular
antigens (28, 29). Nevertheless, given that both
mTOR and Rheb are present in Rab7-positive
structures after amino acid stimulation, we pro-
pose that amino acids might control the activity
of the mTORC1 pathway by regulating, through
the Rag proteins, the movement of mTORC1 to
the same intracellular compartment that con-
tains its activator Rheb (see model in Fig. 5D).
This would explain why activators of Rheb,
like insulin, do not stimulate the mTORC1 path-
way when cells are deprived of amino acids and
why Rheb is necessary for amino acid–dependent
mTORC1 activation (4) (fig. S12). When Rheb
is highly overexpressed, some might become
mislocalized and inappropriately encounter
and activate mTORC1, which could explain
why Rheb overexpression, but not loss of TSC1
or TSC2, makes the mTORC1 pathway insen-
sitive to amino acids (4, 5).

In conclusion, the Rag GTPases bind rap-
tor, are necessary and sufficient to mediate
amino acid signaling to mTORC1, and medi-
ate the amino acid–induced relocalization of
mTOR within the endomembrane system of

the cell. Given the prevalence of cancer-linked
mutations in the pathways that control mTORC1
(1), it is possible that Rag function is also de-
regulated in human tumors.
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Fig. 5. Amino acids promote the localization of mTOR to a Rab7-positive
compartment that also contains Rheb. (A) mTOR and Rab7 localization in cells
deprived or stimulated with amino acids. HEK-293T cells transiently trans-
fected with a cDNA for DsRed-Rab7 were starved for serum and amino acids
for 50 min and, where indicated, stimulated with amino acids for 10min. Cells
were then processed to detect mTOR (green), Rab7 (red), and DNA content
(blue), and imaged. Two examples are shown of mTOR localization in the

presence of amino acids. (B) HEK-293T cells stably expressing RagBGTP and
transiently transfected with a cDNA for DsRed-Rab7 were treated and
processed as in (A). (C) Rheb1 and Rab7 localization in cells deprived or
stimulated with amino acids. HEK-293T cells transiently transfected with 1 to
2 ng of cDNAs for GFP-Rheb1 and DsRed-Rab7 were treated as in (A), processed
to detect Rheb1 (green), Rab7 (red), and DNA content (blue), and imaged. (D)
Model for role of Rag GTPases in signaling amino acid availability to mTORC1.

www.sciencemag.org SCIENCE VOL 320 13 JUNE 2008 1501

REPORTS

 o
n 

D
ec

em
be

r 
9,

 2
00

8 
w

w
w

.s
ci

en
ce

m
ag

.o
rg

D
ow

nl
oa

de
d 

fr
om

 



An ATP-competitive Mammalian Target of Rapamycin
Inhibitor Reveals Rapamycin-resistant Functions
of mTORC1*□S
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The mammalian target of rapamycin (mTOR) kinase is the
catalytic subunit of two functionally distinct complexes,
mTORC1andmTORC2, that coordinately promote cell growth,
proliferation, and survival. Rapamycin is a potent allosteric
mTORC1 inhibitor with clinical applications as an immunosup-
pressant and anti-cancer agent. Here we find that Torin1, a
highly potent and selective ATP-competitive mTOR inhibitor
that directly inhibits both complexes, impairs cell growth and
proliferation to a far greater degree than rapamycin. Surpris-
ingly, these effects are independent of mTORC2 inhibition and
are instead because of suppression of rapamycin-resistant func-
tions of mTORC1 that are necessary for cap-dependent transla-
tion and suppression of autophagy. These effects are at least
partly mediated by mTORC1-dependent and rapamycin-resist-
ant phosphorylation of 4E-BP1. Our findings challenge the
assumption that rapamycin completely inhibits mTORC1 and
indicate that direct inhibitors of mTORC1 kinase activity may
be more successful than rapamycin at inhibiting tumors that
depend on mTORC1.

The mammalian target of rapamycin (mTOR)3 pathway is
considered amajor regulator of cell growth. ThemTOR serine/

threonine kinase is the founding component of the pathway and
the catalytic subunit of two functionally distinct protein com-
plexes, mTORC1 and mTORC2. mTORC1 contains the large
protein Raptor, as well as mLST8/G�L and PRAS40, whereas
mTORC2 is defined by the protein Rictor and also includes
Sin1, Protor, and mLST8/G�L (1). Growth factors, such as
insulin and IGF, activate both complexes, and they are impor-
tant downstream effectors of the PI3K/PTEN signaling net-
work (2). Additionally, the availability of nutrients, like amino
acids and glucose, regulates mTORC1.
Many insights into mTOR signaling have come from inves-

tigations into the mechanism of action of rapamycin, a bacteri-
ally produced macrolide inhibitor of mTOR that has diverse
clinical applications as an anti-fungal, immunosuppressant,
and anti-cancer drug (3). Rapamycin acts through an unusual
allosteric mechanism that requires binding to its intracellular
receptor, FKBP12, for inhibition of its target. Under acute treat-
ment, rapamycin is thought to selectively inhibit mTORC1,
which is often referred to as the rapamycin-sensitive complex.
Conversely, mTORC2 is considered rapamycin-insensitive,
although its assembly can be inhibited by prolonged rapamycin
treatment in some cell types (4). Because of its perceived
potency and selectivity, rapamycin is commonly used in
research experiments as a test of the involvement of mTORC1
in a particular process.
Two downstream mTORC1 substrates that were identified,

in part, by their sensitivity to rapamycin are the S6 kinases
(S6K1 and S6K2) and the translational inhibitor 4E-BP1. Both
proteins mediate important links between mTORC1 and the
cell growth machinery, largely through their influence on cap-
dependent translation (reviewed in Ref. 5). All nuclear-encoded
mRNAs possess a 5�,7-methyl guanosine cap, which is recog-
nized and bound by the small protein eIF-4E. Under growth-
promoting conditions, eIF-4E also associates with the large
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scaffolding protein eIF-4G, the eIF-4A helicase, and the eIF-4B
regulatory protein, together forming the eIF-4F complex. This
complex, in conjunction with the eIF3 preinitiation complex,
delivers the mRNA to the 40 S ribosomal subunit and primes
the translational apparatus. 4E-BP1 interferes with this process
by binding to eIF-4E and preventing the formation of a func-
tional eIF-4F complex. However, its ability to do this is blocked
by phosphorylation at four sites, two of which are considered
rapamycin-sensitive. S6K1 also plays a role in regulating trans-
lational initiation by phosphorylating the S6 protein of the 40 S
ribosomal subunit and by stimulating eIF-4A helicase activity
(6–8).
Despite the connections of mTORC1 to the translational

machinery, the effects of rapamycin onmammalian cell growth
and proliferation are, oddly, less severe than its effects in yeast.
In Saccharomyces cerevisiae, rapamycin treatment induces a
starvation-like state that includes a severe G1/S cell cycle arrest
and suppression of translation initiation to levels below 20% of
nontreated cells (9). Moreover, in yeast rapamycin strongly
promotes induction of autophagy (self-eating), a process by
which cells consume cytoplasmic proteins, ribosomes, and
organelles, such as mitochondria, to maintain a sufficient sup-
ply of amino acids and other nutrients (10).
The effects of rapamycin in mammalian cells are similar to

those in yeast, but typically much less dramatic and highly
dependent on cell type. For instance, rapamycin only causes cell
cycle arrest in a limited number of cell types and has modest
effects on protein synthesis (11–13). Moreover, rapamycin is a
relatively poor inducer of autophagy, and it is often used in
combination with LY294002, an inhibitor of PI3K and mTOR
(14). These inconsistent effects may explain why, despite high
expectations, rapamycin has had only limited success as a clin-
ical anti-cancer therapeutic. We have hypothesized that the
effectiveness of rapamycin against a particular cancer might be
determined by its ability to inhibit mTORC2 in addition to
mTORC1 (15). To test this hypothesis, we developed the ATP-
competitive inhibitor Torin1 that suppresses both complexes.
In contrast to rapamycin, Torin1 treatment recapitulates in
mammalian cells many of the phenotypes caused by TOR inhi-
bition in yeast. Surprisingly, however, we find that these effects
are independent of mTORC2 and are instead caused by inhibi-
tion of rapamycin-resistant functions of mTORC1.

EXPERIMENTAL PROCEDURES

Materials—Reagents were obtained from the following
sources: antibodies to phospho-Thr-389 S6K, phospho-Ser-
473 Akt, phospho-Thr-308 Akt, pan-Akt, phospho-Thr-36/47
4E-BP1, phospho-Ser-65 4E-BP1, phospho-Thr-70 4E-BP1,
4E-BP1, �-tubulin, Raptor, eIF-4E, phospho-S51 eIF2�, cyclin
D1, cyclin D3 and p27/Kip1 from Cell Signaling Technology
(note: we have not confirmed that the phospho-Thr-70 4E-BP1
antibody does not detect unphosphorylated 4E-BP1); antibod-
ies to mTOR, S6K, and horseradish peroxidase-labeled anti-
mouse, anti-goat, and anti-rabbit secondary antibodies from
Santa Cruz Biotechnology; anti-Rictor antibodies from Bethyl
Laboratories; FuGENE 6 and Complete Protease Mixture from
Roche Applied Science; FLAG M2 antibody, FLAG M2-agar-
ose, and ATP from Sigma; 7-methyl-GTP-Sepharose from GE

Healthcare; PI-103 fromCalbiochem;NVP-BEZ235 fromAxon
Medchem; rapamycin from LC Laboratories; PI3K-� fromMil-
lipore/Upstate; CellTiter-Glo, DNA-PK, and DNA-PK peptide
substrate from Promega; phosphatidylinositol and phosphati-
dylserine from Avanti Polar Lipids; EasyTagTM EXPRESS 35S
protein labeling mix and ATP [�-32P] EasyTide from
PerkinElmer Life Sciences; Dulbecco’s modified Eagle’s
medium from SAFC Biosciences; inactivated fetal calf serum
from Invitrogen. p53�/�/TSC2�/� MEFs as well as p53�/�/
TSC2�/� MEFs were kindly provided by David Kwiatkowski
(HarvardMedical School) and cultured in Dulbecco’s modified
Eagle’s medium with 10% inactivated fetal calf serum. p53�/�/
mLST8�/� and p53�/�/Rictor�/� MEFs have been described
(16). Torin1 was synthesized and purified in the Gray Labora-
tory and is available upon request.
Cell Lysis—Cells rinsed once with ice-cold PBS were lysed in

ice-cold lysis buffer (40mMHEPES, pH 7.4, 2mMEDTA, 10mM
pyrophosphate, 10 mM glycerophosphate, and 0.3% CHAPS or
1%Triton X-100, and 1 tablet of EDTA-free protease inhibitors
per 25 ml). The soluble fractions of cell lysates were isolated by
centrifugation at 13,000 rpm for 10 min in a microcentrifuge.
Mammalian Lentiviral shRNAs—All shRNA vectors were

obtained from the collection of The RNAi Consortium at the
Broad Institute (17). These shRNAs are named with the num-
bers found at theRNAiConsortiumpublicwebsite:mouseRap-
tor shRNA, TRCN0000077472, NM_028898.1-3729s1c1; and
mouse Rictor shRNA, TRCT0000037708, NM_030168.2-
867s1c1. shRNA-encoding plasmids were co-transfected with
the � VPR envelope and vesicular stomatitis virus G packaging
plasmids into actively growing HEK-293T using FuGENE 6
transfection reagent as described previously (18, 19). Virus-
containing supernatants were collected at 48 h after transfec-
tion and filtered to eliminate cells, and target cells were infected
in the presence of 8 �g/ml Polybrene. 24 h later, cells were
selected with puromycin and analyzed on the 4th day after
infection.
Metabolic Labeling—Cells were seeded in 6-well plates and

grown overnight. Cells were then treated with appropriate
compounds for 2.5 h, washed one time with cysteine/methio-
nine-free Dulbecco’s modified Eagle’s medium, and then incu-
bated in 2 ml of cysteine/methionine-free Dulbecco’s modified
Eagle’smedium, 10%dialyzed inactivated fetal calf serum, com-
pound, and 165�Ci (15�l, 11mCi/�l) of EasyTagTM EXPRESS
35S protein labeling mix. After 30 min, cells were lysed, and
soluble fractions were isolated by centrifugation at 13,000 rpm
for 10 min. To precipitate protein, lysates were spotted on
Whatman filter paper, precipitated with 5% trichloroacetic
acid, washed two times for 5 min in cold 10% trichloroacetic
acid, washed two times for 2 min in cold ethanol, washed one
time for 2 min in acetone, and air-dried at room temperature.
The amount of 35S incorporated into protein was measured
using a Beckman LS6500 Scintillation Counter.
mTORC1 andmTORC2 in Vitro Kinase Assays—To produce

solublemTORC1,we generatedHEK-293T cell lines that stably
express N-terminally FLAG-tagged Raptor using vesicular sto-
matitis virus G-pseudotyped MSCV retrovirus. For mTORC2,
we similarly generated HeLa cells that stably express N-termi-
nally FLAG-tagged Protor-1. Both complexes were purified by
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lysing cells in 50 mM HEPES, pH 7.4, 10 mM sodium pyrophos-
phate, 10mM sodium �-glycerophosphate, 100mMNaCl, 2mM

EDTA, 0.3%CHAPS.Cellswere lysed at 4 °C for 30min, and the
insoluble fraction was removed by microcentrifugation at
13,000 rpm for 10 min. Supernatants were incubated with
FLAG-M2 monoclonal antibody-agarose for 1 h and then
washed three times with lysis buffer and once with lysis buffer
containing a final concentration of 0.5 M NaCl. Purified
mTORC1 was eluted with 100 �g/ml 3� FLAG peptide in 50
mM HEPES, pH 7.4, 100 mM NaCl. Eluate can be aliquoted and
stored at �80 °C. Substrates S6K1 and Akt1 were purified as
described previously (16, 20). Kinase assays were performed for
20min at 30 °C in a final volumeof 20�l consisting of the kinase
buffer (25 mM HEPES, pH 7.4, 50 mM KCl, 10 mM MgCl2, 500
�M ATP) and 150 ng of inactive S6K1 or Akt1 as substrates.
Reactions were stopped by the addition of 80 �l of sample
buffer and boiled for 5 min. Samples were subsequently ana-
lyzed by SDS-PAGE and immunoblotting.
PI3K and hVps34 Assays—Cellular IC50 values for PI3K�

were determined using p53�/�/mLST8�/� MEFs. Cells were
treated with vehicle or increasing concentrations of compound
for 1 h and then lysed. Phosphorylation of Akt Thr-308 was
monitored by immunoblotting using a phospho-specific anti-
body. In vitro IC50 values for PI3K� were determined as
described previously (21). Briefly, chloroform stocks of phos-
phatidylinositol (PI) and phosphatidylserine were combined in
equimolar ratios, dried under nitrogen gas, resuspended in 50
mM HEPES, pH 7.4, 100 mM KCl, sonicated to clarity using a
bath sonicator, and aliquoted and stored at �80 °C. For kinase
assays, purified PI3K� was combined with 100 �M phosphati-
dylserine/phosphatidylinositol, compound, and 10 �Ci of
[�-32P]ATP (100 �M final concentration) in kinase buffer and
incubated at 37 °C for 20 min. Reactions were stopped with 1 N

HCl. Lipid was extracted with a 1:1 mixture of chloroform:
methanol and separated on silicaTLCplates. 32P-Labeled phos-
phatidylinositol 3-phosphate was quantitated by PhosphorIm-
ager. hVps34 was purified as a glutathione S-transferase fusion
protein from HEK-293T cells(22) and assayed using the same
procedure.
ATM and DNA-PK—For DNA-PK kinase assays, purified

DNA-PK was combined with DNA-PK peptide substrate
(derived from theN-terminal sequence of p53), compound, and
10 �Ci/reaction [�-32P]ATP (100 �M final concentration) in
kinase buffer and incubated for 10min at 37 °C. Reactions were
stopped with 1 N HCl and spotted onto P81 phosphocellulose
squares. P81 squares were washed three times for 5 min in
0.75%phosphoric acid, and one time for 5min in acetone, dried,
and measured by scintillation counter. ATM in vitro kinase
assays were performed according to previously published pro-
tocols (21).
Cell Size Determinations—Cells were seeded in 10-cm cul-

ture dishes, grown overnight, and subjected to appropriate
treatment. 24 h later, cells were harvested by trypsinization in a
5-ml volume, diluted 1:20 with counting solution (Isoton II Dil-
uent, Beckman Coulter), and cell diameters determined using a
particle size counter (Coulter Z2, Beckman Coulter) with
Coulter Z2 AccuComp software.

Cell Proliferation/Viability Assay—Cell viability was
assessed with the CellTiter-Glo Luminescent Cell Viability
Assay. On Day 0, 96-well plates were seeded with 500 cells per
well and grown overnight. OnDay 1, cells were treated with the
appropriate compounds and subsequently analyzed on Days
3–5. For analysis, plates were incubated for 60 min at room
temperature; 50 �l of CellTiter-Glo reagent was added to each
well, and plates were mixed on an orbital shaker for 12 min.
Luminescencewas quantified on a standard plate luminometer.
Cell Cycle Analysis—Cells were seeded in 15-cm plates and

grown overnight. Cells were then subjected to the appropriate
treatment for 48 h and then trypsinized, washed twice in PBS�
2% FBS, and then fixed overnight at 4 °C in ethanol. Cells were
then washed three times in PBS � 1% BSA and incubated in
PBS, 1% BSA, 50 �g/ml propidium iodide, and 100 �g/ml
RNase at 37 °C for 30min. Cells were thenwashed 1� in PBS�
1% BSA, resuspended in 1 ml PBS, and analyzed using a FACS-
Calibur flow cytometer (BD Biosciences). Cell cycle distribu-
tion was determined using the ModFit LT software package.

RESULTS

Torin1 Is a Potent and SelectivemTOR Inhibitor—To identify
small molecule ATP-competitive inhibitors of mTOR, we con-
ducted a biochemical screen for inhibitors of mTOR kinase
activity in a library of heterocyclic chemical compounds. From
this screen, we identified a lead compound that was further
elaborated through a medicinal chemistry effort to produce
Torin1, a member of the pyridinonequinoline class of kinase
inhibitors.4 In in vitro kinase assays using immuno-purified
mTORC1 or mTORC2, Torin1 inhibits both mTOR-contain-
ing complexes with IC50 values between 2 and 10 nM (Fig. 1A)
and acts through anATP-competitivemechanism (Fig. 1B).We
alsomeasured the potency ofTorin1 in cells.MEFswere treated
with increasing amounts of Torin1 or the dual mTOR/PI3K
inhibitors PI-103 and NVP-BEZ235, and the activity of each
complex was determined by monitoring the phosphorylation
status of S6K at Thr-389 and Akt at Ser-473, mTORC1 and
mTORC2 substrates, respectively (Fig. 1C). As in vitro, the IC50
for Torin1 in cells is also between 2 and 10 nM. Unlike rapamy-
cin, Torin1 had no effect on the stability of either mTORC1 or
mTORC2.
We next determined the selectivity of Torin1 formTORover

other kinases. Because mTOR belongs to the PI3K-like kinase
family, a family of protein kinases that is defined by a high
degree of homology to PI3K within the catalytic domain, many
inhibitors of PI3K, such as wortmannin, LY294002, PI-103, and
BEZ-235, are also reasonable mTOR inhibitors (21, 23, 24). To
measure PI3K inhibition in cells, we made use of the observa-
tion that the phosphorylation ofAkt atThr-308 depends on two
processes that directly reflect PI3K activity: phosphatidylinosi-
tol 3,4,5-triphosphate-dependent targeting of Akt to the
plasma membrane and activation of PDK1, the kinase that
directly phosphorylates this site. Inwild-type cells, phosphoryl-
ation of Thr-308 is also influenced by phosphorylation at Ser-
473 (19, 25, 26). To remove this latter variable, we tested com-
pounds in MEFs where mLST8, an essential mTORC2

4 N. S. Gray, manuscript in preparation.
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component, is deleted and Akt Ser-473 is constitutively
dephosphorylated. Because Ser-473 is fixed in a single state in
these cell lines, phosphorylation at Thr-308 only reflects PI3K
activity. Using this system, we determined the cellular IC50 of
Torin1 for PI3K to be �1.8 �M (Fig. 1D), nearly identical to our
in vitro measurement of the IC50 for PI3K� (Fig. 1E). We also
profiled our compound against other PI3K isoforms using the
Adapta in vitro assaymethod, which confirmed a high degree of
selectivity for mTOR (Fig. 1F).
Compounds that inhibit PI3K and mTOR also have the

potential to inhibit other PI3K-like kinases, including theDNA-
damage response kinases ATM and DNA-PK. For DNA-PK
and ATM, wemeasured the IC50 of Torin1 using in vitro assays
(Fig. 1E). We also measured inhibition of the Class III PI3K
hVps34. Some reports have proposed that hVps34 acts
upstream of mTORC1, and we wanted to be sure that cross-
reactivity with this kinase was not indirectly influencing
mTORC1 activity in cells (22). Torin1 was at least 200-fold
selective for mTOR over each of these kinases. Finally, we
screened Torin1 at a concentration of 10 �M against a panel of
353 diverse kinases using the Ambit Biosciences KinomeScan
screening platform, which measures the relative binding of the
target molecule to each kinase, and we found no indication of
significant off-target effects (data shown in supplementalmate-
rial). These results suggest that Torin1 is a highly selective
inhibitor of mTOR when profiled against an extensive panel of
serine/threonine, tyrosine, and lipid kinases.
Torin1 Causes Cell Cycle Arrest through a Rapamycin-resist-

ant Mechanism That Is Also Independent of mTORC2—Our
next goal was to test the role of mTOR signaling in normally
growing cells. Rapamycin-mediated mTORC1 inhibition slows
cell proliferation and reduces cell size, and so we suspected that
dualmTORC1/2 inhibitionwould have similar butmore severe
effects (22). Indeed, wild-type MEFs treated with up to 500 nM
rapamycin continued to proliferate, albeit at a reduced rate (Fig.
2A and supplemental Fig. S2). In contrast, 250 nM Torin1 com-
pletely inhibited proliferation (Fig. 2A and supplemental Fig.
S2) and caused a G1/S cell cycle arrest (Fig. 2B). Moreover, 250
nM Torin1 decreased cell size to a greater degree than 50 nM
rapamycin (Fig. 2C). Based on the assumption that rapamycin
completely disables mTORC1 kinase activity, we hypothesized
that the enhanced effect of Torin1 was because of mTORC2
inhibition.
To test this hypothesis, we conducted identical experiments

usingMEFs that lackmTORC2 activity because Rictor has been
deleted (16). We reasoned that Torin1 should have the same

effect as rapamycin on the proliferation and growth of these
cells because mTORC2 is already inhibited. As in wild-type
MEFs, rapamycin reduced but did not prevent proliferation
(Fig. 2D). However, we were surprised to find that Torin1 con-
tinued to dramatically suppress proliferation and diminish cell
size (Fig. 2, D–F), indicating that the differential effects of this
compound with respect to rapamycin were not due to
mTORC2 inhibition. Thus, mTOR has functions that are abso-
lutely required for cell growth and proliferation and that are
kinase-dependent, rapamycin-resistant, and independent of
mTORC2.
Torin1DisruptsmTORC1-dependent PhenotypesMoreCom-

pletely than Rapamycin—Despite the widely held assumption
to the contrary, one explanation for our results is that rapamy-
cin inhibits some but not all of the functions of mTORC1. To
explore this possibility, we examined the effects of Torin1 on
other processes besides growth and proliferation that are
commonly associated with mTORC1 signaling. One such
process is macroautophagy, often referred to simply as auto-
phagy. Normally considered a response to starvation condi-
tions, autophagy involves the formation of large double-
membrane enclosed vesicles that engulf cytoplasmic
contents, including both proteins and organelles (reviewed
in Ref. 27). These vesicles then fuse with lysosomes to form
autophagosomes that digest their contents, providing the
cell with a source of amino acids and other nutrients when
these are not available from the environment.
In yeast, rapamycin is a potent activator of autophagy (10).

The situation is less clear in mammalian systems, where rapa-
mycin alone is, at best, an inconsistent activator of autophagy
and frequently requires combination with other PI3K/mTOR
inhibitors, such as LY294002, or concomitant starvation for
nutrients.We suspected that autophagymight also be regulated
in part by rapamycin-resistant functions of mTORC1. A com-
monly used marker of autophagy is the protein light chain 3
(LC3), which translocates from the cytoplasm to autophago-
somes where it is degraded when autophagy is induced (28).
Using a green fluorescent protein-tagged LC3 construct, we
found that Torin1 causes a strong re-localization of LC3 from
the cytoplasm to autophagosomes in both wild-type and
Rictor�/� MEFs, whereas rapamycin caused only aminor change
(Fig. 3A). Furthermore, we found that Torin1 treatment, like
amino acid starvation, causes degradation of LC3B (LC3B-I)
and transient accumulation of the faster running lipidated form
(LC3B-II) in bothMEFs andHeLa cells (Fig. 3B and supplemen-
tal Fig. S4A). An RNA interference-induced decrease in Raptor

FIGURE 1. Torin1 is a potent and selective mTOR inhibitor. A, Torin1 inhibits mTORC1 and mTORC2 in vitro. mTORC1 and mTORC2 were purified from
HEK-293T stably expressing FLAG-Raptor and HeLa cells expressing FLAG-Protor-1, respectively. Following FLAG purification, each complex was subjected to
in vitro kinase assays using S6K1 as a substrate for mTORC1 and Akt1 as a substrate for mTORC2. Assays were then analyzed by immunoblotting for the
indicated proteins and phosphorylation states. B, Torin1 is an ATP-competitive inhibitor. The in vitro kinase activity of purified mTORC1 toward S6K1 was
assayed in the presence of 20 nM Torin1 and increasing concentrations of ATP, as indicated. Assays were then analyzed by immunoblotting for the indicated
proteins and phosphorylation states. C, Torin1 is a potent mTORC1 and mTORC2 inhibitor in cells. MEFs (p53�/�) were treated with increasing concentrations
of Torin1 or dual mTOR/PI3K inhibitors PI-103 and BEZ-235 for 1 h and then analyzed by immunoblotting for the indicated proteins and phosphorylation states.
D, Torin1 has little effect on PI3K at concentrations where mTOR is completely inhibited. The experiment was performed as in C using mLST8-null MEFs and
phosphorylation of Akt at Thr-308 was determined by immunoblotting. In mLST8-null MEFs, mTORC2 is inactive and Akt Ser-473 is constitutively dephospho-
rylated and so PDK1-mediated phosphorylation of Thr-308 only reflects PI3K activity. E, Torin1 is selective for mTOR over related kinases. IC50 values for Torin1
were determined using in vitro kinase assays for mTOR (3 nM), hVps34 (3 �M), PI3K-� (1.8 �M), DNA-PK (1.0 �M), and ATM (0.6 �M). IC50 values for PI-103 for mTOR
(120 nM), PI3K-� (100 nM), DNA-PK (40 nM) were determined by the same assays. IC50 values for PI-103 for hVps34 (10 ��) and ATM (1.0 �M) were determined
previously (21). F, Torin1 is selective for mTOR over other PI3K isoforms. EC50 values were determined for the indicated PI3K isoforms using the Invitrogen
Adapta platform. The EC50 for mTOR was determined using the cell-based LanthaScreen platform.
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FIGURE 2. mTOR inhibition prevents cell growth and proliferation through an mTORC2-independent mechanism. A, mTOR inhibition by Torin1 but
not rapamycin prevents the proliferation of wild-type MEFs. MEF (p53�/�) cells were grown in the presence of vehicle (blue), 50 nM rapamycin (orange),
or 250 nM Torin1 (green) for 4 days. Cell proliferation was measured in triplicate at indicated time points using the CellTiterGlo viability assay. B, Torin1
causes a G1/S cell cycle arrest in wild-type MEFs. MEF (p53�/�) cells were treated with vehicle (DMSO), 50 nM rapamycin (rapa), or 250 nM Torin1 for 48 h.
Cells were then harvested, stained with propidium iodide, and analyzed by flow cytometry. C, normalized cell size distributions for Torin1 and
rapamycin-treated wild-type MEFs. MEF (p53�/�) cells were treated with vehicle (blue, mean 17.81 �m), 50 nM rapamycin (orange, mean 17.58), or 250
nM Torin1 (green, mean 16.46 �m) for 24 h. Cell sizes were measured using a particle counter and are displayed as a histogram. D, experiment was
performed as in A using Rictor�/�, p53�/� MEFs. E, experiment was performed as in B using Rictor�/�, p53�/� MEFs. F, experiment was performed as in
C using Rictor�/�, p53�/� MEFs. Cells were treated with vehicle (blue, mean diameter 17.85 �m), 50 nM rapamycin (orange, mean diameter 17.33 �m),
or 250 nM Torin1 (green, mean diameter 16.24 �m).
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expression affected LC3 in a similar fashion as Torin1 treat-
ment (supplemental Fig. S4B). Collectively, these results sug-
gest that mTORC1 inhibition is sufficient to induce autophagy.
Although the signaling mechanisms that connect mTORC1 to
autophagy are currently unclear, ATP-competitive inhibitors,
like Torin1, will likely reveal specific roles for mTORC1 that
have been missed because of their insensitivity to rapamycin.
The mTORC1 pathway also has many connections to the

regulation of cap-dependent translation. However, rapamycin
often has only modest effects on rates of protein synthesis. To
test whether Torin1 might inhibit protein synthesis more
completely, we metabolically labeled cells using 35S methio-
nine/cysteine in the presence of either Torin1 or rapamycin.
Surprisingly, whereas rapamycin had very little effect,
Torin1 caused a nearly 50% decline in total protein synthesis
in both wild-type and Rictor�/� MEFs (Fig. 3C). As with
autophagy, these results indicate that mTORC1 is a far more

important regulator of protein
synthesis than experiments with
rapamycin have indicated.
Rapamycin-resistant Functions

of mTORC1 Are Required for Cap-
dependent Translation—Because
known mTORC1 substrates, S6K
and 4E-BP1, are important regula-
tors of mRNA translation, we next
considered whether either is in-
volved in the transduction of
mTORC1-dependent but rapamy-
cin-resistant functions. S6K activity
has been shown to be completely
inhibited by rapamycin treatment,
and therefore we considered it
unlikely to be the target of any
rapamycin-resistant activity of
mTORC1. 4E-BP1, however, is sub-
ject to a more complex regulatory
process. The ability of 4E-BP1 to
bind and inhibit eIF-4E is primarily
regulated by the phosphorylation of
four residues: Thr-37, Thr-46, Ser-
65, and Thr-70. Phosphorylation of
Thr-37 and Thr-46 is thought to be
a priming event that permits the
phosphorylation of the other two,
thereby promoting dissociation
from eIF-4E and permitting the for-
mation of a functional eIF-4F com-
plex (29). mTORC1 has been impli-
cated in the regulation of 4E-BP1,
but there are conflicting accounts
of the importance of this connec-
tion as well as the underlyingmecha-
nism. For instance, mTORC1 phos-
phorylates the Thr-37 and Thr-46
sites in vitro, but these sites are con-
sidered rapamycin-insensitive in cells
(30–32). Conversely, mTORC1 has

little effect in vitro on the phosphorylation of sites that are con-
sidered rapamycin-sensitive, Ser-65 and Thr-70. Moreover, a
C-terminal motif in 4E-BP1, known as the TOR signalingmotif
and believed tomediate binding tomTORC1, and theN-termi-
nal RAIP motif are required for phosphorylation of all sites
(33–35). Finally, although rapamycin causes a substantial
decrease in overall protein translation in some cell types (36), it
has very little effect in others (13). A possible explanation is
simply that rapamycin cannot completely inhibit mTORC1-
dependent phosphorylation of 4E-BP1.
To test this hypothesis, we treated MEFs with increasing

concentrations of either Torin1 or rapamycin and assessed the
phosphorylation status of Thr-36, Thr-47, Ser-65, and Thr-70
by immunoblotting (Fig. 4A). Rapamycin completely prevented
phosphorylation of S6K1 and caused a slight decrease in the
phosphorylation of Ser-65 of 4E-BP1, but it had little effect on
the phosphorylation of either Thr-37/46 or Thr-70 even at con-

FIGURE 3. Torin1 inhibits mTORC1-dependent processes that are resistant to rapamycin. A, Torin1 but not
rapamycin (Rapa) causes LC3 to relocalize from the cytoplasm to autophagosomes. Wild-type (p53�/�) or
Rictor-null (p53�/�) MEFs were transiently transfected with GFP-LC3 and treated with vehicle (Veh) (DMSO), 50
nM rapamycin, or 250 nM Torin1 for 3 h before being fixed and processed. Cells were also stained with Hoechst
to visualize nuclei and imaged at �63. B, amino acid starvation and Torin1, but not rapamycin, cause LC3
degradation. Wild-type (p53�/�) and Rictor-null (p53�/�) MEFs were treated with vehicle (DMSO), 50 nM rapa-
mycin, 250 nM Torin1 or grown in amino acid (AA)-free conditions for 0, 1, 3, or 6 h. Cells were lysed at the
indicated time points and analyzed by immunoblotting. Induction of autophagy causes the degradation of the
native LC3B (LC3B-I) protein and the transient accumulation of the faster running lipidated version (LC3B-II).
C, Torin1 suppresses global protein synthesis through a rapamycin-resistant and mTORC2-independent proc-
ess. Wild-type (p53�/�) and Rictor-null (p53�/�) MEFs were treated with vehicle (DMSO), 50 nM rapamycin
(Rap), 250 nM Torin1, or 10 �g/ml cycloheximide (Chx) for 2.5 h and then pulsed with 35S-labeled methionine
and cysteine for 30 min. The amount of 35S incorporation was determined by scintillation counting. Measure-
ments were made in triplicate, and error bars indicate standard deviation.
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centrations as high as 500 nM, over 500 times greater than its
IC50 value for inhibition of mTORC1 (Fig. 4A). In striking con-
trast, Torin1 substantially suppressed phosphorylation of Thr-
37/46 and Ser-65 at concentrations as low as 10 nM and abol-
ished it completely at 250 nM (Fig. 4A). Torin1 had nearly
identical effects in Rictor-null MEFs, consistent with the
hypothesis that these effects are because of inhibition of
mTORC1 (Fig. 4A). Surprisingly, Thr-70 was unaffected by
either Torin1 or rapamycin, supporting earlier predictions that
it may be the target of a different kinase, such as Erk2 (37).
Alternatively, it is possible that the Thr-70 4E-BP1 antibody is
not phospho-specific. The dual-PI3K/mTOR inhibitors PI-103
and NVP-BEZ235 caused similar effects as Torin1 on 4E-BP1
phosphorylation (supplemental Fig. S3). Additionally, Torin1
had much greater effects than rapamycin on 4E-BP1 phospho-
rylation in a variety of human tumor cell lines, indicating that
rapamycin resistance of mTORC1 is likely a general feature of
most if not all mammalian systems (Fig. 4E). We next asked
whether the increased dephosphorylation of 4E-BP1 by Torin1
led to increased association with eIF-4E. Using 7-methyl-GTP-

Sepharose to purify eIF-4E from cell lysates, we found that
Torin1 causes substantially more binding of 4E-BP1 to eIF-4E
than does rapamycin (Fig. 4, B and F). Torin1 did not affect the
phosphorylation of eIF2 (supplemental Fig. S5).
Because the effects of Torin1 were nearly equivalent in wild-

type andRictor-nullMEFs, we concluded that they could not be
dependent on mTORC2. However, it remained possible that
mTOR alone or an unidentifiedmTORC3were responsible. To
show that mTORC1 inhibition is sufficient to explain the
effects of Torin1 on 4E-BP1 phosphorylation, we used RNA
interference to knock down Raptor, an obligatory mTORC1
component, inwild-typeMEFs (Fig. 4C). Depletion of Raptor in
these cells suppressed Thr-37/46 and Ser-65 phosphorylation
and 4E-BP1 mobility to a degree that equaled the effects of
Torin1 and exceeded those of rapamycin, thereby supporting
the conclusion that mTORC1, or at least a Raptor-containing
mTOR complex, regulates 4E-BP1 phosphorylation through a
rapamycin-insensitive kinase-dependent mechanism.
Defects in cap-dependent translation are also known to cause

cell cycle arrest. This is thought to occur primarily through

FIGURE 4. mTORC1 regulation of 4E-BP1 phosphorylation and binding to eIF-4E reveals rapamycin-resistant functions. A, phosphorylation of 4E-BP1 at
Thr-37/46 and Ser-65 is dependent on mTORC1 but resistant to rapamycin. Wild-type (p53�/�) and Rictor-null (p53�/�) MEFs were treated with the indicated
concentrations of Torin1 or rapamycin for 1 h and then lysed. Cell lysates were analyzed by immunoblot using antibodies specific for the indicated proteins or
phosphorylation states. B, Torin1 increases the amount of 4E-BP1 bound to eIF-4E to a degree that far exceeds the effects of rapamycin. Wild-type (p53�/�) and
Rictor-null (p53�/�) MEFs were treated with vehicle (DMSO), 50 nM rapamycin, or 250 nM Torin1 for 1 h before lysis. eIF-4E was purified from lysates using
7-methyl-GTP-Sepharose and analyzed by immunoblotting for the indicated proteins. C, phosphorylation of Thr-36/47 on 4E-BP1 requires Raptor but not
Rictor. MEFs (p53�/�) were infected with lentivirus expressing either control, Raptor-specific, or Rictor-specific shRNAs. Cells were grown for 4 days and then
treated with vehicle (DMSO), 50 nM rapamycin, or 250 nM Torin1 for 1 h. Cell lysates were then analyzed by immunoblot using antibodies specific for the
indicated proteins or phosphorylation states. D, prolonged mTOR inhibition alters the expression of key cell cycle regulators. Wild-type (p53�/�) and Rictor-null
(p53�/�) MEFs were treated with vehicle (DMSO), 50 nM rapamycin, or 250 nM Torin1 for 48 h. Cell lysates were then analyzed by immunoblotting using
antibodies specific for the indicated proteins. E, Torin1 prevents phosphorylation of rapamycin-resistant sites in human cancer cell lines. MCF7, HCT116, HeLa,
and HEK-293T cell lines were treated with vehicle (Veh), rapamycin (Rap) (50 or 250 nM), or Torin1 (50 or 250 nM) for 1 h and then analyzed by immunoblotting
for the indicated proteins and phosphorylation states. F, Torin1 increases the amount of 4E-BP1 bound to eIF-4E in human cancer cell lines. MCF7 and HCT116
cells were treated with vehicle (DMSO), 50 nM rapamycin, 50 nM Torin1, or 250 nM Torin1 for 48 h before lysis. eIF-4E was purified from lysates using
7-methyl-GTP-Sepharose and analyzed by immunoblotting for the indicated proteins.
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decreased translation of cap-dependent mRNAs that encode
factors that promote cell cycle progression, such as cyclin D1
and cyclin D3, and increased translation of cap-independent
mRNAs that encode factors that suppress it, such as p27Kip1
(38–40). Moreover, recent work has shown that the depletion
of cyclin D1 that is caused by amino acid starvation and rapa-
mycin treated is mediated by 4E-BP1 (41). We suspected that
the cell cycle arrest caused by Torin1 might be explained by
changes in the abundance of these factors. Consistent with this,
both wild-type and Rictor-null MEFs treated for 48 h with
Torin1, but not rapamycin, had greatly depleted levels of cyclin
D1 and D3, and a strong induction of p27/Kip1 (Fig. 4D). The
ability of cells to recover from this arrest upon the removal of
Torin1 was highly dependent on cell type (data not shown).

DISCUSSION

Rapamycin has been an indispensable tool throughout the
history of TOR research and remains widely employed as a
“complete” mTORC1 inhibitor in both research and clinical
settings. Indeed, in yeast, it is a convincingmimic of the genetic
inactivation of TORC1. In mammalian systems, most known
mTOR substrates were discovered and validated using rapamy-
cin as a pharmacological probe. Rapamycin forms a complex
with the intracellular protein FKBP12, which then binds to the
FRB domain of mTOR and inhibits phosphorylation of sub-
strates through a poorly characterized mechanism. Although
structural information is available for rapamycin in a complex
with FKBP12 and the FRB domain ofmTOR, it remains unclear
how this prevents phosphorylation of direct mTOR kinase sub-
strates (42). A model to explain our findings is that rapamycin
blocks access to only a specific subset of mTORC1 substrates,
whereas Torin1, because of its ATP-competitive mode of
action, blocks phosphorylation of all. Additionally, as Torin1 is
much smaller than FKBP12-rapamycin, it likely accesses its tar-
get site in mTOR-containing complexes more easily than
FKBP12-rapamycin.
Re-interpretations of several recent studies support the

notion that considerable mTORC1 functionality is resistant to
rapamycin. Shor et al. (13) found that high concentrations (10
�M) of rapamycin inhibit mTOR directly through an FKBP12-
independent mechanism, suppressing both mTORC1 and
mTORC2. Unlike the commonly used “low dose” (10–50 nM)
and similarly to Torin1, “high-dose” rapamycin potently sup-
presses cap-dependent translation and inhibits proliferation in
a wide variety of tumor cell lines. Although these authors con-
cluded that these effects are because of mTORC2 inhibition,
our findings indicate that they are more likely because of inhi-
bition of rapamycin-resistant mTORC1-dependent functions.
A study from Averous et al. (41) found that amino acid starva-
tion caused a more complete depletion of cyclin D1 than rapa-
mycin treatment and that this effect was mediated through
4E-BP1. Based on the assumption that rapamycin completely
disables mTORC1, these authors concluded that amino acid
starvation signals to 4E-BP1 through additional pathways
besides mTORC1. We would suggest that it is more likely that
amino acid starvation leads to a more complete inhibition of
mTORC1 functions than does rapamycin. Finally, Choo et al.
(43) found that phosphorylation sites on 4E-BP1 that are

acutely sensitive to rapamycin become re-phosphorylated in
some cell lines after long periods of rapamycin treatment.
Moreover, the recovery of 4E-BP1 phosphorylation depends on
the mTORC1 component Raptor, leading the authors to con-
clude that prolonged rapamycin treatment confers on
mTORC1 the capacity to phosphorylate 4E-BP1 in a rapamy-
cin-resistant fashion.We find thatmTORC1 likely has rapamy-
cin-resistant functions in all cell lines (Fig. 4E). Because pro-
longed rapamycin treatment is known to hyperactivate the
PI3K pathway, which is upstream of mTORC1, one possible
explanation for the results of Choo et al. (43) is that rapamycin
leads to the hyperactivation of the rapamycin-resistant func-
tionality of mTORC1, effectively overcoming the partial inhi-
bition caused by rapamycin.
Because many important features of TOR signaling are con-

served between yeast andmammals, our finding that mTORC1
possesses cell-essential but rapamycin-resistant functions is
unexpected. At the same time, our results indicate that the
requirements for TORC1 signaling in maintaining protein syn-
thesis and promoting cell division are more similar between
yeast and mammalian systems than had been appreciated.
Although we have focused on the rapamycin-insensitive regu-
lation of 4E-BP1, we consider it likely that other similar
mTORC1 substrates exist, particularly among the regulators of
autophagy. The future combined use of Torin1 and phospho-
proteomics will likely permit a more comprehensive assess-
ment of all mTOR substrates. Given the current enthusiasm for
rapamycin as a potential therapeutic, it is likely that ATP-com-
petitive inhibitors of mTOR will have clinical utility as well.
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Here we report the use of capillary isoelectric focusing
under native conditions for the separation of protein
complex isoforms and subcomplexes. Using biologically
relevant HIS-tag and FLAG-tag purified protein com-
plexes, we demonstrate the separations of protein com-
plex isoforms of the mammalian target of rapamycin
complex (mTORC1 and 2) and the subcomplexes and
different phosphorylation states of the Dam1 complex.
The high efficiency capillary isoelectric focusing separa-
tion allowed for resolution of protein complexes and
subcomplexes similar in size and biochemical composi-
tion. By performing separations with native buffers and
reduced temperature (15 °C) we were able to maintain
the complex integrity of the more thermolabile mTORC2
during isoelectric focusing and detection (<45 min).
Increasing the separation temperature allowed us to
monitor dissociation of the Dam1 complex into its sub-
complexes (25 °C) and eventually its individual protein
components (30 °C). The separation of two different
phosphorylation states of the Dam1 complex, generated
from an in vitro kinase assay with Mps1 kinase, was
straightforward due to the large pI shift upon multiple
phosphorylation events. The separation of the protein
complex isoforms of mTORC, on the other hand, required
the addition of a small pI range (4-6.5) of ampholytes to
improve resolution and stability of the complexes. We
show that native capillary isoelectric focusing is a powerful
method for the difficult separations of large, similar,
unstable protein complexes. This method shows potential
for differentiation of protein complex isoform and sub-
complex compositions, post-translational modifications,
architectures, stabilities, equilibria, and relative abun-
dances under biologically relevant conditions.

Protein assemblies are well-known to make up the functional
machinery of the cell.1 What is less well understood is the dynamic

nature of the protein interactions necessary for the biological
machinery to function properly. Many diseases have been found
to be caused by aberrant protein-protein interactions.2 New
techniques, and even fields, are emerging to better probe and
understand protein-protein interactions within the context of a
cell. Interactomics is a recently introduced subset of systems
biology which focuses on the interactions of proteins and other
molecules.3 For example, yeast two hybrid (Y2H) screens have
generated binary protein interaction data for S. cerevisiae4,5 and
C. elegans.6,7 Two global tandem-affinity purification (TAP) efforts
in S. cerevisiae used mass spectrometry to identify proteins within
purified complexes. The results increased the known curated
complexes (217) from the Munich Information Center for Protein
Sequences (MIPS) by 2578 and 275.9 Other efforts to investigate
protein-protein interactions use native variations of common
orthogonal biochemical separations of cell lysates to fractionate
protein complexes for mass spectrometry (MS)-based analysis.
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Two-dimensional blue native polyacrylamide gel electrophoresis
(BN-PAGE) allows for the elucidation of membrane bound protein
complexes.10 More recently, successive preparative liquid chro-
matography separations facilitated unbiased identification of 13
known E. coli complexes11 and 20 known P. furiosus complexes.12

On the analytical scale, capillary electrophoresis (CE)-MS permit-
ted separation and detection of three protein complexes directly
from a cell lysate with a concentration dynamic range of ∼3.13

Direct analysis of large (∼50-700 kD), purified protein complexes
in the gas phase is also progressing through instrumental and
operational modifications to mass spectrometers.14-17 As a result,
native mass spectrometry is quickly advancing as a method to

elucidate protein complex composition,18-20 structure,21 and
dynamics22 of purified protein complexes.

Experiments studying protein-protein interactions globally
within the cell indicate the growing need for methods to address
dynamic and versatile protein-protein interactions through direct
physical or chemical analyses. Protein interactions are highly
dependent on developmental, environmental, and genetic condi-
tions,23 making many proteins versatile in function, yet still highly
specific. For instance, a single protein can differentiate cellular
functions through participation in multiple protein complexes with
distinct binding partners as shown in Figure 1A. Protein com-
plexes of this nature have been deemed protein complex iso-
forms.8 Further promiscuity of proteins is possible through
participation in protein subcomplexes.24 Subcomplexes are stable
protein complexes within a larger protein complex as shown in
Figure 1A. Elucidation of protein complex isoforms and subcom-
plexes can be convoluted and arduous using conventional meth-
ods. Identification of protein complexes and differentiation of their
isoforms and subcomplexes usually begins with copurifications
of known and suspected binding partners under native conditions.
Potential binding partners are validated by identification via mass
spectrometry-based proteomics25 or Western blotting.26 An auto-
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Figure 1. Schematic of protein complex isoforms and subcomplexes and their CIEF separations. (A) The composition of protein complexes
are often elucidated through purification of a target protein, and all proteins associated with it, using an antibody or purification tag. The purification
creates a heterogeneous mixture of protein complexes, called protein complex isoforms. Three examples are shown here. Each protein complex
isoform can be composed of different proteins or subcomplexes depending on its specific function under certain biological condition. (B) A
theoretical native CIEF separation of the three protein complex isoforms. Although many proteins are similar in each protein complex isoform,
the proteins or subcomplexes which are different shift the isoelectric point of the protein complex isoform. This inherent pI shift allows for
separation within the pH gradient generated using CIEF. (C) Dissociated protein complexes are known to maintain more thermodynamically
stable subcomplexes. These subcomplexes can also be separated based on their isoelectric points using native CIEF. (D) A traditional CIEF
separation of individual proteins from fully dissociated protein complexes isoforms and subcomplexes using denaturants or thermal dissociation.
Note that the pIs of the separated proteins contribute, likely as a weighted average, to the pIs of the subcomplexes they are associated with in
the separation above. Likewise, comparison of the subcomplex separation in (B) to the complex isoform separation in (A) illustrates how the pIs
of proteins and subcomplexes contribute to the pI of the complex isoform.
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mated method for distinguishing these subtle differences would
be highly beneficial to identify complex isoforms and subcom-
plexes directly.

From the separation science perspective, resolving protein
complex isoforms and subcomplexes is challenging. Efficient
protein separations are already difficult due to the inherent
hydrophobicity and large size of proteins27 and can suffer from
recovery problems on the analytical scale.28-31 Well-studied
protein complexes were found to contain 10 or more interacting
proteins1 and a global study in yeast confirmed an average of
12 proteins per complex.32 Larger protein complex assemblies only
magnify the challenges associated with protein separations. A
factor of 10 increase in analyte size results in an approximate order
of magnitude reduction in diffusion coefficient and electrophoretic
mobility; these are respectively detrimental to efficient separations
using either liquid chromatography or electrophoretic separation
methods. Additionally, by definition protein complex isoform
compositions may only differ by a few proteins.8 With a majority
of the proteins conserved between complex isoforms, the size,
shape, charge, chemical composition, and thermodynamic char-
acter of complex isoforms may be relatively similar. A specific
protein complex isoform comparison, based on size and isoelectric
point, is illustrated in Table 3. To separate complex isoforms, an
extremely efficient, high resolution separation technique is
required that can accentuate their subtle physical or chemical
differences. Finally and most importantly, the technique must use
conditions that can maintain biochemical and thermodynamic
stability of the complexes.

Capillary isoelectric focusing (CIEF) has proven to be the best
method for the analysis of protein isoforms, with the capability to
distinguish proteins differing by as few as 0.005 pH units.33

Proteins are focused to their isoelectric point in a capillary with a
pH gradient generated by zwitterionic ampholytes and the op-
posing migration of an acid and base across an electric field.34

The parallel between the subtle chemical differences of protein
isoforms and protein complex isoforms made it likely that
exploiting isoelectric point differences would also prove useful for
separation of protein complex isoforms and subcomplexes. CIEF
has become increasingly used for analysis of biochemical interac-

tions such as protein-antibody,35-37 protein-ligand,38,39 protein-
DNA,40 protein-phospholipid,41 and protein-drug42-45 complexes
indicating the potential for elucidation of biologically relevant
protein complexes. Identification of protein complex standards by
Fourier transform ion cyclotron resonance mass spectrometry
(FTICR-MS)46 and molecular weight profiling of E. coli protein
complexes47 has also been previously demonstrated using CIEF.
We will demonstrate herein that performing CIEF under native
conditions allows for the separation and relative quantitation of
protein complex isoforms and subcomplexes.

METHODS AND MATERIALS
Reagents and Chemicals. Unless otherwise noted all chemi-

cals were purchased from Thermo Fisher Scientific (Waltham,
MA). Deionized water (18.2 MΩ, Barnstead, Dubuque, IA) was
used for all preparations. The CIEF kit containing coated capil-
laries, pI 3-10 ampholytes, focusing acid and base, mobilization
acid, anodic and cathodic stabilizers, and pI markers was obtained
from Beckman Coulter (Brea, CA). Pharmalyte pI 4 - 6.5
ampholytes were purchased from GE Healthcare (Piscataway, NJ).

Dam1 Complex Preparation. Saccharomyces cerevisiae Dam1
complex was expressed in and purified from E. coli as described
previously.48 Dam1 complex polycistronic vector was transformed
into BL21 Rosetta (Novagen, Madison, WI). Cultures were grown
to about 30 Klett units, and the cultures were induced overnight
at 23 °C. Pellets were lysed using a French press in 50 mM sodium
phosphate buffer (pH 6.9) containing 350 mM NaCl and protease
inhibitors (0.01 mg mL-1 chymostatin, 0.01 mg mL-1 aprotinin,
0.01 mg mL-1 leupeptin, 0.01 mg mL-1 pepstatin, 0.002 mg
mL-1 benzamadine, and 1 mM phenylmethylsulfonyl fluoride).
The Dam1 complex was purified by affinity chromatography using
talon resin, according to the manufacturer’s instructions (BD
Biosciences, San Jose, CA). Peak elutions were concentrated to
approximately 1 mL using a 50 kDa molecular weight cutoff
Amicon Ultra centrifugal filter (Millipore, Billerica, MA) and then
subjected to gel filtration chromatography on an SD × 200 16/60
column (GE Healthcare). Peak fractions were concentrated and
cleared at 13 000g. Glycerol (10%, final concentration) was added
and aliquots were snap frozen and stored at -80 °C.
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Mps1 Preparation and Kinase Assay. Saccharomyces cer-
evisiae Mps1 kinase was expressed in E. coli with a GST tag on
the N-terminus and a 6XHis tag on the C-terminus from plasmid
pDG54, (derived from plasmid pGEX6p-MPS1).49 Expression was
induced in 1 L of cells by addition of 40 mg IPTG, and cells were
grown overnight at 18 °C. Mps1 was purified by the 6XHis tag
using talon resin according to the manufacturer’s instructions with
the following exceptions. The cells were resuspended in 20 mM
HEPES buffer, pH 7.2, containing 150 mM NaCl, 2% Triton X-100,
and protease inhibitors and lysed using a French press. The
protein was eluted from the column in 1.5 mL of 20 mM HEPES
buffer, pH 7.2, containing 150 mM NaCl and 400 mM imidazole.

Dam1 complex was phosphorylated in 50 mM HEPES buffer,
pH 7.2, containing 25 mM MgCl2, 10 mM ATP, 150 mM NaCl,
4 µM Dam1 complex and 15 µL Mps1 kinase in a 25 µL reaction
volume. The reaction was incubated at 30 °C for 90 min. The
stoichiometry of phosphorylation was determined under the
same assay conditions except that gamma-32P ATP (3000 Ci/
mmol) was included at 0.5 µCi/µL.

mTOR Complex Preparation. To produce a soluble mixture
of mTORC1 and mTORC2, we generated a HEK-293T cell line
that stably expresses N-terminally FLAG-tagged mLST8 using
vesicular stomatitis virus G-pseudotyped MSCV retrovirus. mTOR
complexes were purified by lysing cells in 50 mM HEPES, pH
7.4, 200 mM NaCl, and 0.4% CHAPS. Cells were lysed at 4 °C for
30 min, and the insoluble fraction was removed by centrifugation
at 18 000 rpm for 30 min. Supernatants were incubated with FLAG-
M2 monoclonal antibody-agarose for 1 h and then washed with
three column volumes of wash buffer (50 mM HEPES, pH 7.4,
200 mM NaCl, 2 mM DTT, and 2 mM ATP and 0.1% CHAPS).
Purified mTOR complexes were eluted with 100 µg/mL 3x FLAG
peptide in 50 mM HEPES, pH 7.4, 500 mM NaCl and 0.1% CHAPS.
Eluted fractions were pooled and concentrated by centrifugation
prior to CIEF separation. Samples were subsequently analyzed
by SDS-PAGE and immunoblotting to confirm the purification of
the complexes.

CIEF Separations. Separations were performed on a PA800
Capillary Electrophoresis System (Beckman Coulter, Brea, CA)
using a 50 µm ID/360 µm OD neutral coated capillary or a 100
µm ID/360 µm OD in-house hydroxypropyl cellulose (average
molecular weight 100 000 g/mol) coated capillary50 cut to 32 cm
(20.2 cm to detector). The capillary was rinsed with DI water
before and after runs at 50 psi for 2 min. All samples were prepared
on ice and stored at 4 °C prior to loading onto the capillary. The
CIEF buffer was prepared to contain 1.7% w/v Pharmalyte pI 3-10
carrier ampholytes, 2.1% w/v Pharmalyte pI 4-6.5 carrier am-
pholytes (for mTORC separation only), 42 mM arginine, and 1.7
mM iminodiacetic acid.51 Protein complexes were added to the
prepared CIEF buffer immediately before analysis unless other-
wise stated. The CIEF capillary was thermostatted to 15 °C except
for protein complex stability experiments with Dam1 where
separation temperatures of 20, 25, and 30 °C were also used.
Samples were loaded onto the capillary for 1 min at 50 psi.
Isoelectric focusing was performed for 10 or 15 min at 25 kV with

a maximum current of 50 µA using 200 mM H3PO4 and 300 mM
NaOH at the anode (inlet) and cathode (outlet), respectively.
High efficiency isotachophoretic mobilization of protein com-
plexes past the detector after focusing was performed by
substitution of 300 mM NaOH with 350 mM acetic acid at the
cathode. Detection of mobilized protein complexes was per-
formed at 4 Hz using a UV detector at 280 nm through a 200
µm aperture.

Viscosity Correction for Native CIEF Separations at Vary-
ing Temperatures. To clarify the appearance or disappearance
of peaks at different separation temperatures, we normalized the
mobilization time of the higher temperature separations to the
lowest separation temperature (15 °C) using a viscosity correction.
The correction was necessary since the viscosity of the CIEF
buffer decreased with increasing temperature and caused a
systematic decrease in the mobilization times of focused protein
complexes illustrated in Figure 3A. Corrections for viscosity-
induced mobility shifts from buffer additives in capillary electro-
phoresis have been made using a viscosity correction factor based
on absolute52 and relative viscosity measurements and separation
currents.53 We extended this to temperature-induced viscosity
changes during CIEF. The viscosity correction based on migration
time was possible since one large peak remained relatively
constant throughout the separations, marked with an (*) in all
separations in Figure 3. These peaks were used as a mobilization
time marker for measurement of relative viscosity. Since the peak
used for correction was not a spiked standard we also investigated
mobilization current as a measure of relative viscosity. The
equation used to calculate the viscosity correction factor based
on mobilization time (νt) is as follows:

νt )
t15°C

t °C
(1)

and based on current (νΙ) is

νΙ )
Ι15°C

Ι°C
(2)

where t is the mobilization time of the peak and Ι is the average
mobilization current at 15 °C and the higher temperatures,
respectively. The mobilization time and current corrections are
listed in Table 2. There was close agreement between the values
from the two correction methods, but we used νt values since
there is greater variability in the CIEF current relative to CE.
The corrections were performed by multiplying the original
mobilization times of the 20, 25, and 30 °C separations by their
corresponding viscosity correction factor. The viscosity-cor-
rected separations are shown in Figure 3B. Aligned peaks at
different separation temperatures resulting from the viscosity
correction are highlighted with red, blue, and black boxes.

Ω Plot Generation. For measurement of currents during the
focusing step, CIEF buffer was loaded, voltage was applied for 1
min, the maximum current was measured, and the process was

(49) Holinger, E. P.; Old, W. M.; Giddings, T. H., Jr.; Wong, C.; Yates, J. R.,
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repeated for each voltage. For measurement of currents during
the mobilization step, CIEF buffer was loaded, a 25 kV focusing
voltage was applied for 10 min, the capillary outlet was switched
to 350 mM acetic acid, a 30 kV mobilization voltage was applied
for 30 min, and measurements were taken for 15 s at each voltage.
All measurements were made with the sample thermostatted at 4
°C and the capillary at 15 °C.

RESULTS AND DISCUSSION
Implications of Protein Complex Purification Methods.

In recent years biological studies have emphasized the identifica-
tion and analysis of protein complexes involved in physiological
processes. Methods and strategies have evolved, for example, for
the large-scale analysis of protein complexes from different model
organisms. Commonly, protein complexes are isolated using
genetically integrated purification tags or antibodies,54 as il-
lustrated in Figure 1A. The two complexes analyzed herein were
purified using the His-tagged Spc34 protein from E. coli (Dam1
complex) and the FLAG-tagged mLST8 from HEK-293T cells
(mTORC1 and 2). For comparison, most native mass spectrometry
experiments of complexes have been performed on overexpressed
proteins from E. coli with well know purification strategies.15,16,21

Recent advances in stabilization of soluble17,55 and membrane
bound56,57 protein complexes are quite promising, yet it is likely
there will always be protein complexes which will not be
compatible with native mass spectrometry. Isolation of an endog-
enous protein complex using a particular protein as “bait” will
yield a variety of protein isoforms or subcomplexes to which the
protein belongs. To sort out the physiological roles of each of
the protein complex forms and subcomplexes, methods to purify
and study the complexes are needed. The versatility of native
CIEF, similar to MudPIT analysis of protein complexes,25 should
complement other methods for protein complex analysis.

Separation Temperature Control during Native CIEF.
Essential to protein complex isoform separation and analysis is
maintenance of protein complex integrity prior to detection of the
separated complexes. Traditional biochemical separations and
purifications of protein complexes are often performed at 4 °C to
maintain the complex integrity and stability.26 Our current
instrument configuration limited capillary cooling to 15 °C. To
properly thermostat the capillary during separations even with
active cooling, Joule heating must be avoided. Joule heating in
capillary electrophoresis is the resistive heating of buffer in the
capillary by the current generated from the high voltages applied
during the separation. Joule heating is best known for its adverse
effects on separation efficiency,58 but can have many other
detrimental effects.59 In this case, we were concerned that internal
heating of the buffer may cause dissociation of native complexes.

Often this is not an issue with CIEF since viscosity increasing
additives decrease the current and small inner diameter capillaries
adequately disperse heat.51,60 We eliminated viscosity additives
for native conditions and tested both 50 and 100 µm inner diameter
capillaries in the interest of preparative fractionation. The highest
voltage in capillary isoelectric focusing yields the best isoelectric
point resolution,61 so we determined the conditions which yielded
the best possibility for resolving protein complex isoforms and
subcomplexes. We tested the acceptable voltages and currents
for focusing and mobilization because the current varies dramati-
cally during CIEF runs, particularly with cathodic mobilization.62

As shown in Figure 2A, the maximum voltages during CIEF occur
at the beginning of the focusing step and the end of the
mobilization step. Plotting the current generated at different
voltages yields an Ω plot. A positive inflection from linearity
indicates the onset of Joule heating conditions. Figure 2B
illustrates that Joule heating occurs during the focusing at a
voltage of 25 kV and current of 50 µA. Thus, 50 µA was set as the
maximum current allowable for the two step process.

Protein Complex Stability during Native CIEF. Little is
known about the stability of protein complexes during CIEF. CIEF
profiling of E. coli protein complexes using UV detection indicated
a few unknown ∼550 kDa protein complexes were stable during
the course of separations, but not after 8 h.47 Thus, we investigated
the effects of separation temperature on the stability of a known
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Figure 2. (A) CIEF current traces for 50 µm (s) and 100 µm (- - -)
ID capillaries. The current trace for the 100 µm ID capillary was offset
25 µA for clarity. (B) Ω plot for the focusing (9) and mobilization (2)
steps using a 100 µm ID capillary.
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protein complex, Dam1. The 10-mer Dam1 complex is part of the
outer kinetochore in yeast, an arrangement of at least 65 proteins,
which is responsible for attachment of sister chromatids to
microtubules for segregation during mitosis.63 Phosphorylation
of the protein Dam1 within the complex by Mps1 kinase is
required for coupling of the kinetochore to the plus-ends of
microtubules.64 The purification and kinase assay developed for
characterization of the Dam1 complex make it an excellent protein
complex model to generally evaluate protein complex stabilization
and separation using native CIEF.

Dam1 is a stable complex, but in order to confirm the
association of the Dam1 complex at 15 °C, we used increasing
capillary temperature to monitor the dissociation of the complex.
The results are illustrated in Figure 3A. Comparison of the native
CIEF electropherograms from increased separation temperatures
appear to show a general trend of increased dissociation of the
Dam1 complex to its components. From 20 to 30 °C, the large
broad peak completely disappears and the small sharp peak
intensities increase, indicative of thermal dissociation of the
complex to its components. Thus, the largest broad peak, most
prominent in the 15 and 20 °C electropherograms, can be
indirectly identified as the intact Dam1 complex. Small sharp
peaks in the separation at 15 °C indicate a minor amount of
dissociation of the Dam1 complex to its components.

The Dam1 complex peak is unusually broad for CIEF. This
was likely due to aggregation since sample was overloaded (1.2
µg) to adequately detect the complex dissociation components.
Aggregation of antibodies during CIEF yield similar results.51 To
test the possibility that Dam1 dissociates upon focusing from
capillary overloading, a separation of Dam1 under normal loading
conditions (120 ng) was performed (Figure 4A). An extremely
sharp peak with a few other small peaks was observed. These
results indicate that either the Dam1 complex remains completely
intact when not overloaded or that the dissociated protein signals
are below the limit of detection.

Dam1 Subcomplex Separation. One might expect that as
the separation temperature was increased, the Dam1 complex
would lose individual proteins one at a time until it was fully
dissociated into its 10 components (listed in Table 1). With each
increase in separation temperature an increasing number of peaks
should have been detected until a maximum was reached.
However, after close examination of the number of peaks from
dissociation of the Dam1 complex at different temperatures it
became obvious that the electropherogram from separations
performed at 25 °C, and not 30 °C, had the most peaks. This is
clearly illustrated in the viscosity corrected and expanded separa-
tions in Figure 3B. This counterintuitive trend was likely due to
the partial dissociation of the complex into subcomplexes with
higher thermodynamic stability than the complex itself. Peaks
present at 25 °C, but not 30 °C, were marked (b) as likely
subcomplexes. At 30 °C, the Dam1 complex and its subcomplexes
appear to be completely dissociated into their component proteins
which were then focused individually to their isoelectric points.

Note there are fewer than 10 protein peaks in the 30 °C separation.
This was likely a detection issue since only 7 of the 10 Dam1
components have tryptophan (see Table 1), the highest adsorbing
residue at 280 nm. Tyrosine is present in all Dam1 complex

(63) McAinsh, A. D.; Tytell, J. D.; Sorger, P. K. Annu. Rev. Cell Dev. Biol. 2003,
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Figure 3. Thermal dissociation studies of the Dam1 complex. (A)
CIEF separations of 500 µg/mL Dam1 complex at different separation
temperatures using a 100 µm HPC coated capillary. The peaks
marked with (*) were used as a mobilization marker for viscosity
corrections. (B) The same CIEF separations from (A) viscosity
corrected and expanded in the region of Dam1 complex peaks.
Potential subcomplex peaks were marked with (b) in the 25 °C
separation. Peaks that were common to specific separation temper-
atures were enclosed with a box, marking individual proteins (blue),
subcomplexes (red), and potentially individual proteins, system peaks,
or impurities (black).
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components, but has a ∼5-fold lower extinction coefficient.65 Three
of the peaks present at all separation temperatures, indicated by
the black boxes spanning all separation temperatures, were
categorized as either individual proteins which do not interact with
the Dam1 complex under the given conditions, system peaks from
separations under overloading conditions, or impurities. Four
other component proteins are only detected individually at 25 and
30 °C, indicated by blue rectangles spanning only those temper-
atures. The red boxes designate subcomplexes that are present
at temperatures lower than 25 °C and thus bound to the Dam1
complex less tightly.

The direct observation of subcomplexes was not new and has
been shown for the well-studied RNA polymerase III using

traditional molecular biology techniques66 and native mass spec-
trometry.21 Similarly, a bioinformatic analysis of four global protein
complex data sets from yeast identified statistically probable
subcomplexes.24 However, by performing the native CIEF separa-
tions at different temperatures in solution, we will be able to
understand and quantify the thermodynamic characteristics of
protein subcomplexes within a given protein complex. A similar
strategy was used for native MS analysis of the solution-phase
equilibria of a small heat shock protein.22

Dam1 Complex Phosphorylation State Separation. CIEF
has proven useful for identification and quantification of protein
phosphorylation due to the inherent isoelectric point shift associ-
ated with addition of a phosphate moiety to a serine, threonine,
or tyrosine residue.67,68 We were able to extend this analysis to
protein complexes using native CIEF through detection of the
isoelectric point shift of Dam1 phosphorylation in vitro by Mps1
kinase. The CIEF results are shown in Figure 4. Addition of
purified Mps1 kinase causes an average stoichiometry of phos-
phorylation of 8.3 moles phosphate per mole of Dam1 complex
from a radioactivity kinase assay (unpublished results). The Mps1
kinase was 50-fold lower in concentration than the Dam1 complex
and thus below the limit of detection. Therefore we reason that
both sharp peaks in Figure 4B are the Dam1 complex with
different phosphorylation stoichiometries. Based on the peak
height ratio (2:1), the close proximity of the peaks (similar pI and
thus phosphorylation state), and the average stoichiometry of 8.3
from the radioactivity assay, we hypothesize that the two phos-
phorylation states of the Dam1 complex are either hepta- and nona-
phosphorylated or penta- and deca-phosphorylated. However,
further analysis with mass spectrometry will be necessary to
elucidate the phosphorylation stoichiometry of the two states.
Analysis of nonstoichiometric phosphorylation of proteins is a
constant challenge using mass spectrometry.69 The ability to
differentiate and quantify different phosphorylation stoichiom-
etries, particularly of protein complexes, their isoforms, and
subcomplexes, will be highly beneficial in numerous biological
studies.

The peak height ratio of the differentially phosphorylated Dam1
complex was used to estimate their phosphorylation states, yet
there is a discrepancy in the peak heights of the phosphorylated
and unphosphorylated Dam1 complexes (Figure 4A versus 4B).
We believe this may have been due to loss of the unphosphory-
lated Dam1 complex during focusing due to EOF. For these
separations, we used in-house hydroxypropyl cellulose-coated
capillaries which may have inactivated the capillary surface to
different degrees. Since the unphosphorylated Dam1 complex is
nearer to the capillary outlet, a fraction of it could have been
mobilized out of the capillary during the focusing step prior to
detection. The slower focusing rate of the unphosphorylated Dam1
complex, illustrated in the 0-10 min region of Figure 4A and 4B,
further supports this idea. Additionally, this explains the much
shorter mobilization times for the Dam1 complex in Figure 4
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(66) Myer, V. E.; Young, R. A. J. Biol. Chem. 1998, 273, 27757–27760.
(67) Shiraishi, M.; Loutzenhiser, R. D.; Walsh, M. P. Electrophoresis 2005, 26,

571–580.
(68) Wei, J.; Yang, L.; Harrata, A. K.; Lee, C. S. Electrophoresis 1998, 19, 2356–

2360.
(69) Paradela, A.; Albar, J. P. J. Proteome Res. 2008, 7, 1809–1818.

Figure 4. Dam1 complex phosphorylation analysis. CIEF separa-
tions of (A) 50 µg/mL purified Dam1 complex, (B) 50 µg/mL Dam1
with ∼1 µg/mL Mps1 kinase, and (C) 10 µM pI markers for monitoring
pI shift in Dam1 using a 100 µm HPC coated capillary. The focusing
and mobilization steps were differentiated using a solid vertical line
at 10 min.

Table 1. Known, Confirmed Protein Components
Making up the Dam1 Complex with Their Theoretical
Molecular Weights and Isoelectric Points, Calculated
Using ExPASy (www.expasy.org) with Sequences
From the Saccharomyces Genome Database (http://
www.yeastgenome.org/)a

Protein MW (kDa) pI No. of W’s No. of Y’s

Dam1 38.4 9.2 1 6
Spc34-6XHis 34.9 8.3 1 9
Duo1 27.5 10.0 2 4
Dad1 10.5 4.2 2 13
Dad2 15.1 4.1 2 2
Dad3 10.8 5.3 0 3
Dad4 8.2 6.7 0 1
Spc19 18.9 4.8 0 3
Ask1 32.1 4.6 1 2
Hsk3 8.1 7.9 1 4
total 204.5 10 47
average 6.5 1 4.7

a Note that post-translational modifications are not accounted for in
the calculations. The number of tryptophan (W) and tyrosine (Y)
residues, necessary for UV detection at 280 nm, were counted from
their protein sequences.
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relative to Figure 3. Thus, the peak heights of the phosphorylated
Dam1 complex should be more accurate and comparable than
the unphosphorylated Dam1 complex peak height.

mTORC1 and 2 Protein Complex Isoform Separation. The
mammalian target of rapamycin (mTOR) is a serine/threonine
protein kinase known to be involved in cell metabolism, growth,
and survival. It has been implicated in cancer, type 2 diabetes,
and neurodegenerative diseases.70 mTOR participates in two
distinct complexes, mTORC1 and mTORC2, making it an ideal
model protein complex isoform. The rapamycin-sensitive mTOR
signaling complex (mTORC1), composed of mTOR, Raptor,
mLST8, PRAS40, and Deptor, regulates cell growth and translation
through phosphorylation of eIF-4E binding protein 1 and S6
kinase.71-75 The rapamycin-insensitive mTOR signaling complex
(mTORC2), composed of mTOR, Rictor, mLST8, mSIN1, Protor,
and Deptor, controls cell proliferation and survival by phospho-
rylating and activating the Akt/PKB kinase.75–81 A method for
separating mTORC1 and 2 for further biochemical characterization
would improve our understanding of the function of each complex
and its role in human diseases. Since both complexes exist in the
same cellular environment82 and are theoretically similar in size
and isoelectric point (Table 3), their separation is a formidable
challenge. Previous efforts to separate mTORC1 and 2 using

conventional gel filtration chromatography had neither the resolu-
tion nor the short analysis time to maintain mTORC2 complex
integrity.83

Using native CIEF we were able to resolve mTORC1 and 2,
shown in Figure 5A. As expected, due to the similar components
of the complexes the high efficiency CIEF separation technique
was necessary to resolve the complex isoforms with very similar
isoelectric points. Using isoelectric point markers, we estimate
the isoelectric points of the complex isoforms are 5.88 (mTORC1)
and 5.94 (mTORC2). Comparison of the peak areas for the two
complexes in Figure 5A indicates that, under the conditions for
isolation and separation, there is double the amount of mTORC1
present relative to mTORC2. Addition of a narrow range of

(70) Goberdhan, D. C.; Boyd, C. A. Biochem. Soc. Trans. 2009, 37, 213–216.
(71) Hara, K.; Maruki, Y.; Long, X.; Yoshino, K.; Oshiro, N.; Hidayat, S.;

Tokunaga, C.; Avruch, J.; Yonezawa, K. Cell 2002, 110, 177–189.
(72) Kim, D. H.; Sarbassov, D. D.; Ali, S. M.; King, J. E.; Latek, R. R.; Erdjument-

Bromage, H.; Tempst, P.; Sabatini, D. M. Cell 2002, 110, 163–175.
(73) Kim, D. H.; Sarbassov, D. D.; Ali, S. M.; Latek, R. R.; Guntur, K. V.;

Erdjument-Bromage, H.; Tempst, P.; Sabatini, D. M. Mol. Cell 2003, 11,
895–904.

(74) Vander Haar, E.; Lee, S. I.; Bandhakavi, S.; Griffin, T. J.; Kim, D. H. Nat.
Cell Biol. 2007, 9, 316–323.

(75) Peterson, T. R.; Laplante, M.; Thoreen, C. C.; Sancak, Y.; Kang, S. A.; Kuehl,
W. M.; Gray, N. S.; Sabatini, D. M. Cell 2009, 137, 873–886.

(76) Sarbassov, D. D.; Ali, S. M.; Kim, D. H.; Guertin, D. A.; Latek, R. R.;
Erdjument-Bromage, H.; Tempst, P.; Sabatini, D. M. Curr. Biol. 2004, 14,
1296–1302.

(77) Frias, M. A.; Thoreen, C. C.; Jaffe, J. D.; Schroder, W.; Sculley, T.; Carr,
S. A.; Sabatini, D. M. Curr. Biol. 2006, 16, 1865–1870.

(78) Jacinto, E.; Facchinetti, V.; Liu, D.; Soto, N.; Wei, S.; Jung, S. Y.; Huang,
Q.; Qin, J.; Su, B. Cell 2006, 127, 125–137.

(79) Yang, Q.; Inoki, K.; Ikenoue, T.; Guan, K. L. Genes Dev. 2006, 20, 2820–
2832.

(80) Pearce, L. R.; Huang, X.; Boudeau, J.; Pawlowski, R.; Wullschleger, S.; Deak,
M.; Ibrahim, A. F.; Gourlay, R.; Magnuson, M. A.; Alessi, D. R. Biochem. J.
2007, 405, 513–522.

(81) Sarbassov, D. D.; Guertin, D. A.; Ali, S. M.; Sabatini, D. M. Science 2005,
307, 1098–1101.

(82) Sarbassov, D. D.; Ali, S. M.; Sabatini, D. M. Curr. Opin. Cell Biol. 2005,
17, 596–603.

(83) Yip, C. K.; Murata, K.; Walz, T.; Sabatini, D. M.; Kang, S. A. Mol. Cell 2010,
38, 768–774.

Table 2. List of Viscosity Correction (ν) Values Based
on Either Migration Time (t) or Average Mobilization
Current (Ι)a

separation temperature (°C) νt νΙ

15 1 1
20 1.06 1.07
25 1.19 1.21
30 1.25 1.31

a Migration time corrections in Figure 3B were made using νt values.

Table 3. The Known, Confirmed Protein Components
Making up mTORC1 and 2 with Their Theoretical
Molecular Weights and Isoelectric Points, Calculated
Using ExPASy (www.expasy.org) from Human Protein
Sequences Listed by NIH (www.ncbi.nlm.nih.gov/
protein)a

mTORC1 MW (kDa) pI mTORC2 MW (kDa) pI

mTOR 288.9 6.7 mTOR 288.9 6.7
mLST8 35.9 5.5 mLST8 35.9 5.5
Deptor 46.3 8.3 Deptor 46.3 8.3
Raptor 149.0 6.4 Rictor 192.2 7.2
PRAS40 27.4 4.7 Protor 40.9 6.3

SIN1 59.1 7.2
total 547.5 total 665.1
average 6.3 average 7.2

a Note that the theoretical molecular weight and pI may be
inaccurate since some unknown proteins may have yet to be identified
in the complexes and post-translational modifications are not accounted
for in the calculations.

Figure 5. CIEF separations of 25 µg/mL mTORC1 and 2 with
different conditions using a 50 µm PVA coated capillary. (A) Suc-
cessful separation of mTORC1 and 2 upon immediate analysis with
1.7% w/v pI 3-10 and 2.1% w/v pI 4-6.5 ampholytes. (B) Replicate
analysis of mTORC1 and 2 as in (A) after 5 h. (C) Separation of
dissociated mTORC1 and 2 as in (A) after storage at 4 °C for one
week. (D) Unsuccessful separation of mTORC1 and 2 using only 1.7%
w/v pI 3-10 ampholytes.
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ampholytes (pH 4-6.5) was necessary to achieve resolution and
possibly maintain mTORC2 stability, illustrated by comparison of
Figure 5A and D. We used the narrow range ampholytes to
decrease the slope of the pH gradient in the pH 4-6.5 region
and to increase resolution of the already established pH 3-10
gradient. CIEF separations have been performed with only small
range ampholytes,51 but the combination of ampholytes allows
for monitoring a larger pH range while improving resolution in a
region of interest.84

The native conditions and short analysis time of CIEF made
separation and maintenance of the unstable mTORC2 possible.
Upon replicate analysis after storage with carrier ampholytes at 4
°C for five hours, the mTORC2 peak completely disappeared as
seen in Figure 5B. Similar results were found from CIEF
separations of protein complexes from E. coli extracts stored in
ampholytes for extended periods.47 mTORC1 was more stable and
was still detectable in replicate runs well after 5 h in carrier
ampholytes at 4 °C (data not shown). From electron microscopy
experiments, the complexes were expected to have lifetimes of
ca. four days at 4 °C in purification buffer.83 Indeed, we were able
to observe nearly complete dissociation of the complexes after
seven days at 4 °C shown in Figure 5C. Thus, native CIEF may
also be a cheap, fast, and automated method for characterization
of protein complex stability.

CONCLUSIONS
We have demonstrated that native CIEF is a powerful tech-

nique for separating large protein complex isoforms and subcom-
plexes. The capability to resolve these complexes in solution
instead of in the gas phase, as in native mass spectrometry,
presents the possibility of performing numerous targeted analyses
of protein complex composition, post-translational modification
state, architecture, stability, equilibrium, and relative abundance
under biologically relevant conditions. Further improvements to
the CIEF instrumentation to lower separation temperatures and
stabilize weakly associated protein complexes like mTORC2 will
benefit the aforementioned experiments and allow for accurate
quantification of protein complex isoform ratios. Utilization of a
more sensitive and selective detector, such as native laser-induced
fluorescence or mass spectrometry, would also expand the
capabilities of native CIEF. In these experiments, proteins from
the dissociated Dam1 complex were detected only when over-
loaded and mTORC1 and 2 component proteins were barely above
the limit of detection at the purification concentration analyzed.

Additionally, the coupling of native CIEF to a mass spectrometer
would strengthen both native CIEF and native mass spectrometry.
Most native mass spectrometry experiments have been performed
on highly abundant, easily purified, stable complexes such as RNA
polymerase III,21 the 20S proteosome,15 and GroEL.16 Recent
advances in stabilization of soluble17,55 and membrane bound56,57

protein complexes will surely expand the capabilities for analyzing
biologically interesting, uncharacterized complexes. However,
native CIEF could drastically simplify the need for structural
maintenance of protein complexes during the electrospray and
ion transmission processes; resolution of protein complex isoforms
and subcomplexes could be achieved prior to mass spectrometric
detection. Native CIEF could also expand the capabilities of native
mass spectrometry from the added purification of protein com-
plexes prior to the electrospray process.

Biochemical interactions are known to be dependent on pH.26

Thus, it is possible that native CIEF separation may not be
compatible with protein complexes that are sensitive to pH
changes. To our knowledge, there have not been any studies
which investigate the effect of the exposure of biochemical
interactions to different pHs during CIEF. The point detector used
for these CIEF experiments did not allow monitoring of complexes
during the separation process. However, the stability of these
interactions at different pHs could be probed using CE with
different pH buffers or CIEF with whole-column detection.
Additionally, analysis of other purified native complexes with
different biochemical properties will shed further light on this
phenomenon.
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SUMMARY

The mammalian target of rapamycin complex 1
(mTORC1) regulates cell growth in response to the
nutrient and energy status of the cell, and its deregu-
lation is common in human cancers. Little is known
about the overall architecture and subunit organiza-
tion of this essential signaling complex. We have
determined the three-dimensional (3D) structure of
the fully assembled human mTORC1 by cryo-electron
microscopy (cryo-EM). Our analyses reveal that
mTORC1 is an obligate dimer with an overall
rhomboid shape and a central cavity. The dimeric
interfaces are formed by interlocking interactions
between the mTOR and raptor subunits. Extended
incubation with FKBP12-rapamycin compromises
the structural integrity of mTORC1 in a stepwise
manner, leading us to propose a model in which rapa-
mycin inhibits mTORC1-mediated phosphorylation
of 4E-BP1 and S6K1 through different mechanisms.

INTRODUCTION

The mTOR serine/threonine kinase is a member of the phosphoi-

nositide 3-kinase (PI3K)-related kinase (PIKK) family. This

conserved protein integrates diverse upstream signals to regu-

late growth-related processes, including mRNA translation,

ribosome biogenesis, autophagy, and metabolism (Sarbassov

et al., 2005a). mTOR nucleates two large physically and function-

ally distinct signaling complexes: mTOR complex 1 (mTORC1)

and mTOR complex 2 (mTORC2) (Guertin and Sabatini, 2007).

mTORC1 consists of mTOR, raptor (regulatory associated

protein of mTOR), PRAS40 (proline-rich AKT substrate 40 kDa),

and mLST8 (mammalian lethal with sec-13). mTORC2, on the

other hand, is composed of mTOR, mLST8, rictor (raptor inde-

pendent companion of mTOR), mSIN1 (mammalian stress-acti-

vated protein kinase interacting protein 1), and Protor-1 (protein

observed with rictor-1) and controls cell proliferation and survival
768 Molecular Cell 38, 768–774, June 11, 2010 ª2010 Elsevier Inc.
by phosphorylating and activating the Akt/PKB kinase (Sarbas-

sov et al., 2005b). The key structural features that differentiate

the substrate specificity of mTORC1 and mTORC2 remain

unclear.

Unlike mTORC2, mTORC1 appears to play critical roles in cell

growth in response to nutrients. The mTOR protein, which

consists of multiple HEAT repeats at its N-terminal half followed

by the FKBP12-rapamycin-binding (FRB) and serine-threonine

protein kinase domains near its C-terminal end, has no known

enzymatic functions besides its kinase activity. PRAS40 has

been characterized as a negative regulator of mTORC1 (Sancak

et al., 2007; Vander Haar et al., 2007; Wang et al., 2007), but the

functions of other mTOR-interacting proteins in mTORC1 are

ambiguous. Previous studies indicate that raptor may have roles

in mediating mTORC1 assembly, recruiting substrates, and

regulating mTORC1 activity and subcellular localization (Hara

et al., 2002; Kim et al., 2002; Sancak et al., 2008). The strength

of the interaction between mTOR and raptor can be modified

by nutrients and other signals that regulate the mTORC1

pathway, but how this translates into regulation of the mTORC1

pathway remains elusive. The role of mLST8 in mTORC1 function

is also unclear, as the chronic loss of this protein does not affect

mTORC1 activity in vivo (Guertin et al., 2006). However, the loss

of mLST8 can perturb the assembly of mTORC2 and its function.

The small GTP-binding protein Rheb (Ras homolog enriched in

brain) binds near the mTOR kinase domain (Long et al., 2005)

and seems to have a key role in stimulating the kinase activity

of mTORC1 (Long et al., 2005; Sancak et al., 2007).

mTORC1 can be hyperactivated by oncogenic phosphoinosi-

tide 3-kinase signaling and promotes cellular growth in cancer

(Guertin and Sabatini, 2007; Shaw and Cantley, 2006). mTORC1

drives growth through at least two downstream substrates, S6

kinase 1 (S6K1) and eIF-4E-binding protein 1 (4E-BP1) (Richter

and Sonenberg, 2005; Ma and Blenis, 2009). The regulation of

the activity of mTORC1 toward these and yet unidentified

substrates appears to be complex and is likely to be dependent

on the organization of the various subunits in the mTORC1

complex. The study of mTORC1 phosphorylation of substrate

sites has been greatly aided by pharmacological inhibitors of

mTORC1, in particular rapamycin. Rapamycin, in complex with

its intracellular receptor FKBP12 (FK506-binding protein of



Figure 1. mTORC1 Purification

(A) mTORC1 and FLAG-raptor were purified by tandem gel

filtration chromatography. Their masses were estimated based

on known molecular weight standards as indicated (Thyro-

globulin [669 kDa], Ferritin [440 kDa], Aldolase [158 kDa], and

Conalbumin [75 kDa]).

(B) The gel filtration fraction corresponding to mTORC1 was

analyzed by SDS-PAGE followed by silver and Coomassie

staining as well as immunoblotting for indicated proteins.

(C) Schematics of mTORC1 components illustrating the

various predicted domains.

(D) In vitro kinase assay showing that purified mTORC1 phos-

phorylates S6K1 and is inhibited by both rapamycin-FKBP12

(rapa) and Torin1.

(E) EM of negatively stained mTORC1. A raw image of

mTORC1 particles (circled) and a representative class average

from the classification of 10,080 particles (inset). The scale bar

represents 50 nm, and the side length of the panel showing the

class average is 45 nm.

See also Figure S1.
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12 kDa), acutely inhibits mTORC1 by binding to the FRB domain

of mTOR (Sarbassov et al., 2005a). Yet, the molecular mecha-

nism of how this high-affinity interaction perturbs mTOR kinase

activity and the fully assembled mTORC1 is currently unknown.

Although there have been attempts to model the N-terminal

domain of mTOR based on the low-resolution structure of human

DNA-PK (Sibanda et al., 2010), these efforts have failed to

provide insights into the function and regulation of the mTOR

kinase. Thus, a detailed knowledge of mTORC1 structure,

including the organization of its components, has the potential

to help understand the regulation of its kinase activity and to

aid in the development of more effective mTORC1 inhibitors.

We report the three-dimensional (3D) structure of human

mTORC1 as determined by cryo-EM. This structure, together

with labeling and biochemical studies, reveals the intricate

organization of the components within mTORC1 and provides

structural insights into the mechanism of its inhibition by

FKBP12-rapamycin.
Molecular Cell
RESULTS AND DISCUSSION

Purification of Human mTORC1
The large size (�1 MDa) and instability of mTORC1

make it difficult to obtain the purified complex for

structural analysis. To address this issue, we

devised a method to purify microgram quantities

of intact and active human mTORC1. Keys to the

successful purification of mTORC1 were (1) the

development of a human cell line stably expressing

a tagged raptor subunit that incorporates into

endogenous mTORC1, (2) the identification of

buffer conditions that minimize mTORC1 disinte-

gration and/or aggregation during purification,

and (3) the implementation of tandem gel filtration

chromatography steps to separate mTORC1 from

other large contaminants (Figure 1A). Purified

mTORC1 consists of equimolar quantities of

mTOR, raptor, and mLST8 and of PRAS40 at sub-
stoichiometric level (Figures 1B and 1C). The kinase activity of

purified mTORC1 toward S6K1 was sensitive to FKBP12-

rapamycin and Torin1, an ATP-competitive inhibitor of mTOR

(Thoreen et al., 2009) (Figure 1D). Negative-stain EM analysis

of the purified complex revealed particles that were homoge-

neous in size and shape (Figure 1E). Projection averages calcu-

lated from the classification of 10,080 particle images illustrated

that mTORC1 has an elongated, rhomboid shape with a central,

stain-filled cavity and ‘‘feet-like’’ protrusions emanating from

both ends of the molecule (Figure 1E, inset, and Figure S1

available online). The averages displayed a 2-fold symmetry.

This observation, together with the mass estimated from gel

filtration, provides evidence for the obligate dimeric organization

of mTORC1 that had been previously suggested by genetic and

coimmunoprecipitation studies (Zhang et al., 2006; Takahara

et al., 2006; Urano et al., 2007; Wang et al., 2006). Although

PRAS40 was present in substoichiometric amounts in our puri-

fied mTORC1 sample, the fact that all averages show particles
38, 768–774, June 11, 2010 ª2010 Elsevier Inc. 769



Figure 2. Cryo-EM Reconstruction of

mTORC1 and Its Molecular Organization

(A) Image of a vitrified specimen showing indi-

vidual mTORC1 particles (circled). The scale bar

represents 50 nm.

(B) Different views of the 3D reconstruction of

mTORC1 filtered to 26 Å, with the main structural

features denoted. The scale bar represents 5 nm.

(C) Molecular organization of mTORC1. (Left)

Representative class averages from antibody

labeling experiments of mTORC1 (top) and sche-

matic representations showing mTORC1 in white

and the antibody in pale red (bottom). The side

length of each panel is 45 nm. (Right) Location of

raptor, mLST8, and PRAS40 in the cryo-EM

density map of mTORC1.

See also Figure S2.
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with identical overall shape suggests that PRAS40 contributes

little to the density of the complex and is not required for proper

assembly and stability of mTORC1. Our projection structure

does not resemble the monomeric structure obtained from the

recent negative-stain EM analysis of Saccharomyces cerevisiae

TOR in complex with KOG1 (the raptor homolog in yeast) (Adami

et al., 2007). These striking differences may be due to the differ-

ences in composition and stoichiometry of known components

within the two TOR complexes. The sample used in the EM study

of the yeast complex may not reflect a fully assembled TORC1

complex but, rather, a subassembly. For example, LST8, a

bona fide yeast TORC1 component, is missing in the analyzed

sample of the yeast study. In addition, human mTOR and raptor

are only conserved over limited regions compared to their

yeast orthologs, TOR1 and KOG1, respectively. Therefore, it is

conceivable that human mTORC1 and yeast TORC1 could adopt

different quaternary structures.

Cryo-EM Structure of mTORC1
To determine the 3D structure of mTORC1 by cryo-EM, we first

produced a reliable initial model by calculating a random conical

tilt (RCT) reconstruction with 50�/0� tilt pair images of cryo-

negatively stained specimens (Figure S2). Collecting images of

vitrified mTORC1 specimens proved difficult due to low protein

concentration (attempts to concentrate mTORC1 samples

were unsuccessful) and a strong tendency of mTORC1 to disso-

ciate upon contact with the air-water interface. We overcame

these difficulties by adsorbing mTORC1 to a thin carbon film

prior to vitrification. Even so, only a few particles were present

(Figure 2A), requiring us to collect many images to obtain a

sufficient number of particles for structure determination. The

carbon film also induced mTORC1 to adsorb to the grid in

a preferred orientation, making it necessary to collect images

of tilted specimens to obtain the multiple views needed for

3D reconstruction. The final data set contained 28,325 particle

images, including 3,905 from 45� tilted specimens. A 3D recon-
770 Molecular Cell 38, 768–774, June 11, 2010 ª2010 Elsevier Inc.
struction was calculated by aligning these individual images of

the vitrified complex to the initial model produced with the

cryo-negatively stained sample, followed by iterative refinement

of their orientation parameters. The estimated resolution of the

final reconstruction is 26 Å according to the Fourier shell corre-

lation = 0.5 criterion (Figure S2). However, the resolution is

clearly anisotropic, with lower resolution in the direction perpen-

dicular to the carbon film, a result of the limited number of views

other than the face-on view (Figure S2). mTORC1 has overall

dimensions of�290 Å 3 210 Å 3 135 Å and an estimated volume

of 1.4 3 106 Å3 at the contour level of the displayed map, which

was chosen to be consistent with the calculated molecular mass

of dimeric mTORC1 (Figure 2B).

The cryo-EM structure reveals a central cavity that has an oval

shape when viewed from one face but a rectangular shape from

the opposite face, with two troughs located at the extensions

linking the central core to the ‘‘feet-like’’ structures. Though the

biological relevance of this cavity remains elusive, its location

between the two ‘‘monomeric’’ complexes may enable sub-

strates with multiple phosphorylation sites, such as 4E-BP1

(Gingras et al., 1999), to shuttle between the two mTOR active

sites within the complex. Another, albeit less likely, possibility

is that the cavity may serve as a docking platform for nucleic

acids because its size (�40 Å 3 28 Å) is large enough to accom-

modate double-stranded DNA (dsDNA). Though mTORC1 has

not yet been shown to interact with dsDNA or other macromole-

cules, several members of the PIKK family (Keith and Schreiber,

1995), most notably DNA-PK, are known to mediate DNA repair

by directly binding to DNA (Gottlieb and Jackson, 1993; Spag-

nolo et al., 2006).

Subunit Organization of mTORC1 and EM Structure
of Raptor
Whereas the cryo-EM structure revealed the overall shape of

mTORC1, at the current resolution, it was not possible to

define intermolecular and intersubunit boundaries. Therefore,



Figure 3. Three-Dimensional Reconstruction of Raptor and Molecular Docking

(A) Silver-stained gel and immunoblot of the gel filtration fraction containing free raptor detected the presence of PRAS40.

(B) EM image of negatively stained raptor (circled) and two representative class averages from the classification of 12,216 particles (bottom-right insets). Class II

particles contain an additional density (red arrow) compared to class I particles, which likely represents PRAS40. The scale bar represents 25 nm, and the side

length of the panels showing the class averages is 27 nm.

(C) Different views of the raptor 3D reconstruction. The scale bar represents 2.5 nm.

(D) Two copies of the raptor 3D reconstruction (gold) and two models of a representative WD40 domain (PDB code 3EMH, red) were placed into the cryo-EM

density map (gray). The green asterisk depicts the location of PRAS40 as determined by antibody labeling. The blue dotted line represents the dimer interface.

(E) The proposed locations of the N- and C-terminal domains (marked ‘‘N’’ and ‘‘C’’) and the kinase domain of mTOR (purple star). The black lines labeled ‘‘I’’ and

‘‘II’’ delineate the two interaction interfaces formed by each mTOR molecule with the two raptor subunits.

See also Figure S3.
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we performed antibody labeling experiments to localize indi-

vidual subunits within mTORC1, including raptor (detected

through its FLAG tag), mLST8, and PRAS40. The labeled

particles were imaged by negative-stain EM and analyzed by

classification and image averaging. We discovered that mLST8

localizes to the distal foot-like structures, PRAS40 to the small

tips in the midsection of the central core, and the N terminus of

raptor to the corner of the core (Figure 2C). The occasional

observation of double-labeled particles provided further assur-

ance for the dimeric organization of mTORC1 (Figure S2).

In addition, we determined the EM structure of raptor. FLAG-

tagged raptor that did not incorporate into mTORC1 eluted as

a separate peak from gel filtration (Figures 1A and 3A). Purified

raptor was homogeneous in size and shape according to

negative-stain EM analysis (Figures 3B and S3). The 3D recon-

struction of raptor, determined by the RCT approach using 60�/0�

image pairs of negatively stained specimens (Figure S3), revealed

that its overall shape resembles a ‘‘comma’’ with the circular lobe

likely representing the predicted C-terminal WD40 domain (Kim

et al., 2002) (Figure 3C). Utilizing the antibody labeling data as

a guide, the structure of mTORC1 provides an adequate frame-
M

work in which the EM reconstruction of raptor can be meaning-

fully fitted (gold surface in Figure 3D). Because mLST8 is solely

composed of a seven-bladed b-propeller (Kim et al., 2003), we

next docked two b-propeller models (PDB code 3EMH) into the

‘‘foot’’ substructures (Figure 3D). By subtracting two copies of

raptor and mLST8, the densities occupied by two mTOR subunits

can be predicted while accounting for minor contributions by the

two small PRAS40 subunits (Figure 3D). It has been shown that

the C-terminal kinase domain of mTOR associates with mLST8

(Kim et al., 2003), suggesting that this domain is likely positioned

adjacent to the ‘‘foot’’ (purple star in Figure 3E). From the position

of the kinase domain, we deduced that the N terminus of mTOR

interacts with the flat face of one raptor molecule (bottom-left

view in Figure 3C), forming interface I, whereas the C terminus

interacts with the side of the second raptor molecule (top-right

view in Figure 3C), forming interface II. The interlocking raptor-

mTOR interactions within the central core provide an under-

standing of the basis of dimerization and illustrate the crucial

function of raptor in mediating and maintaining the higher-order

organization of mTORC1 (Figure 3E). In contrast, each mLST8

contacts only one mTOR within the complex. Its localization to
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Figure 4. Effects of Rapamycin-FKBP12 on mTORC1

(A) Representative class averages of untreated mTORC1 (left) and mTORC1 treated with 50 nM of rapamycin and 0.02 mg/ml GST-FKBP12 (middle) and a sche-

matic representation showing the additional density in pale red (right). The side length of each panel is 45 nm. To the right, the location of the FRB domain with

respect to the other components in the cryo-EM map of mTORC1 is shown.

(B and C) Purified mTORC1 was treated with 50 nM of rapamycin and 0.02 mg/ml GST-FKBP12 or 100 nM Torin1. EM images of negatively stained samples were

taken at the indicated time points. The inset in each image shows an enlarged view of the area marked by the white square. The scale bars represent 100 nm.

(D and E) mTOR immunoprecipitates, prepared in lysis buffers containing 0.3% CHAPS or 1% Triton X-100, were subjected to in vitro kinase assays using 4E-BP1

or S6K1 as a substrate in the presence of 100 nM rapamycin and 0.02 mg/ml FKBP12 or 100 nM Torin1. Assays were then analyzed by immunoblotting for the

indicated proteins and phosphorylation states.

(F) A model depicting a potential mechanism of mTORC1 inhibition by FKBP12-rapamycin.

See also Figure S4.
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the distal ‘‘foot’’ structures suggests that it could potentially

assist substrate entry into the catalytic site.

According to our data and composite model, PRAS40 local-

izes in close proximity to raptor (asterisk in Figure 3D), which is

in agreement with the known binding of PRAS40 to raptor

(Sancak et al., 2007; Wang et al., 2007). Of interest, some class

averages of purified raptor showed an additional small density,

which may represent bound PRAS40 (indicated by red arrow in

Figures 3B and S3). This interpretation is supported by immuno-

blots that show PRAS40 to be present in the analyzed raptor

fraction (Figure 3A). Thus, our structural data suggest that

PRAS40 inhibition is not likely to be achieved through an interac-

tion of PRAS40 with the mTOR kinase domain. Instead, it favors

the model that PRAS40 acts as a competitive inhibitor for the

binding of mTORC1 substrates to raptor (Wang et al., 2007).

FKBP12-Rapamycin Destabilizes mTORC1 in a Stepwise
Manner
With a more detailed understanding of the subunit organization

of mTORC1, we next investigated how rapamycin affects its
772 Molecular Cell 38, 768–774, June 11, 2010 ª2010 Elsevier Inc.
structure. As an allosteric inhibitor of mTORC1, rapamycin

requires the intracellular protein FKBP12 to form a gain-of-func-

tion complex, which directly interacts with the FKBP12-rapamy-

cin-binding (FRB) domain of mTOR (Chen et al., 1995; Sabatini

et al., 1994). The crystal structure of FKBP12-rapamycin in

complex with the FRB domain did not reveal how this interaction

prevents phosphorylation of direct mTORC1 substrates (Choi

et al., 1996). Previous biochemical studies indicated that binding

of FKBP12-rapamycin to mTORC1 induces a conformational

change that weakens the mTOR-raptor interaction (Kim et al.,

2002). To test this hypothesis, we incubated mTORC1 with

N-terminal GST-tagged FKBP12 in the presence of 50 nM rapa-

mycin for 15 min and then visualized the particles by negative-

stain EM (Figure S4). Although the raw images did not reveal

any obvious structural changes (Figure S4), image classification

showed that about 10% of the particles featured an additional

density, likely constituting FKBP12-rapamycin, tethered to the

region that we assigned to mTOR and directly opposite of raptor

(Figure 4A). Of interest, we did not observe individual particles or

averages of mTORC1 showing two extra densities, suggesting
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that either mTORC1 cannot accommodate two FKBP12-rapa-

mycin complexes or that this intermediate is short lived.

Whereas relatively short exposure to FKBP12-rapamycin did

not affect the structural integrity of mTORC1, extended incuba-

tions resulted in a drastic reduction in the total number of intact

mTORC1 particles. Many smaller fragments appeared in the

background, suggesting that FKBP12-rapamycin may cause

disassembly of mTORC1 (Figure 4B). Once initiated, this disso-

ciation appears to be swift, as we were unable to detect interme-

diates with defined structures during the course of the reaction

(data not shown). After 1 hr incubation, virtually no intact

mTORC1 particles could be detected, and the sample contained

only smaller fragments, likely representing free mTOR or its sub-

complexes, and undefined aggregates (Figure 4B). In contrast,

Torin1 did not affect mTORC1 stability even after extended incu-

bation (Figure 4C).

The disruption of mTORC1 by FKBP12-rapamycin may play

a role in the inhibition by rapamycin of mTORC1 kinase activity

toward certain substrates. Consistent with the time-dependent

effects of FKBP12-rapamycin on the structural integrity of

mTORC1, FKBP12-rapamycin significantly inhibited the in vitro

phosphorylation of 4E-BP1 by mTORC1 only after mTORC1

had been incubated with the drug for at least 60 min (Figure 4D).

In contrast, FKBP12-rapamycin rapidly blocked the phosphory-

lation of S6K1 by mTORC1, and Torin1 quickly blocked the

phosphorylation of both S6K1 and 4E-BP1. In close agreement

with in vitro kinase assays, in vivo experiments produced similar

time-dependent effects of rapamycin on endogenous 4E-BP1,

but not S6K1 (Figure S4). To assess the importance of mTORC1

integrity in the phosphorylation of S6K1 and 4E-BP1, we pre-

pared mTORC1 that lacked raptor (Kim et al., 2002). Though

raptor-free mTORC1, as predicted (Hara et al., 2002), could

not support 4E-BP1 phosphorylation, it was capable of phos-

phorylating full-length S6K1 (Figure 4E). Furthermore, the phos-

phorylation of S6K1 by raptor-free mTORC1 was still inhibited by

FKBP12-rapamycin. Thus, contrary to previous assumptions,

raptor is dispensable for mTORC1 to phosphorylate S6K1 in a

rapamycin-sensitive fashion in vitro. Our results suggest an

important role for the mTORC1 dimer in 4E-BP1 phosphoryla-

tion. Perhaps, 4E-BP1 binds to the raptor in one monomer but

is phosphorylated by the kinase of the adjacent monomer,

such that, in the absence of dimerization, 4E-BP1 is not in a posi-

tion to be phosphorylated.

Based on these observations and our knowledge of the

molecular organization of mTORC1, we propose the following

model for rapamycin-mediated inhibition of mTORC1. The initial

binding of one FKBP12-rapamycin to mTORC1 causes a subtle

conformational change in mTOR that weakens the mTOR-raptor

interaction but does not suffice to disrupt the dimeric architec-

ture. Moreover, the bound FKBP12-rapamycin likely occludes

the binding of or blocks access to the active site for larger-sized

substrates, such as S6K1. Over time, either amplified structural

strain caused by the first FKBP12-rapamycin or, perhaps, the

binding of a second rapamycin complex leads to a fast disinte-

gration of the already ‘‘weakened’’ mTORC1 and the complete

abolishment of 4E-BP1 phosphorylation (Figure 4F). Therefore,

our work suggests that in vitro rapamycin is an mTORC1 inhibitor

that may work through at least two different modes. The fact
M

that, within cells, rapamycin does not completely inhibit 4E-

BP1 phosphorylation (Choo et al., 2008; Thoreen et al., 2009;

Feldman et al., 2009) or mTORC1 stability (Kim et al., 2002)

suggests that cells contain buffering mechanisms that counter

the effects of rapamycin on mTORC1 and that these are lost

when mTORC1 is purified.
EXPERIMENTAL PROCEDURES

Protein Expression and Purification

mTORC1 was purified from a HEK293T cell line that stably expresses

N terminally FLAG-tagged raptor by FLAG-M2 monoclonal antibody-agarose

and gel filtration. Details of the expression method and purification conditions

are described in the Supplemental Experimental Procedures.

In Vitro Kinase Assay

Kinase assays were performed using immunoprecipitated mTORC1 and

inactive 4E-BP1 or S6K1 as a substrate. Reactions were analyzed by SDS-

PAGE and immunoblotting. Details of the assay conditions are described in

the Supplemental Experimental Procedures.

Electron Microscopy

Negatively stained specimens were prepared as described (Ohi et al., 2004).

Images were collected with a Tecnai T12 electron microscope (FEI) equipped

with a LaB6 filament and operated at an acceleration voltage of 120 kV. Images

were recorded on imaging plates at a nominal magnification of 67,000 using

a defocus value of –1.5 mm. Cryo-negatively stained specimens were prepared

as described (Ohi et al., 2004). Grids used to collect image pairs of 50�/0� tilted

specimens were loaded on an Oxford cryo-transfer holder. Images were taken

under low-dose conditions at a nominal magnification of 50,0003 and a

defocus value of –2.5 mm using a Tecnai F20 electron microscope (FEI)

equipped with a field emission electron source operated at an acceleration

voltage of 200 kV. For vitrification, Quantifoil R1.2/1.3 400 mesh grids were

overlaid with a thin layer of carbon film and glow discharged. 3 ml of mTORC1

(�0.02 mg/ml) was adsorbed to a grid, and the grid was blotted and frozen in

liquid ethane using a Vitrobot (FEI). Specimens were examined using a Gatan

626 cryo-holder on a Tecnai F20 electron microscope equipped with a field

emission electron source (FEI) operated at 200 kV. Additional details of spec-

imen preparation and data collection are described in the Supplemental

Experimental Procedures.

Image Processing

Details are described in the Supplemental Experimental Procedures.
SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures

and four figures and can be found with this article online at doi:10.1016/

j.molcel.2010.05.017.
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SUMMARY

The mTORC1 kinase promotes growth in response
to growth factors, energy levels, and amino acids,
and its activity is often deregulated in disease. The
Rag GTPases interact with mTORC1 and are pro-
posed to activate it in response to amino acids by
promoting mTORC1 translocation to a membrane-
bound compartment that contains the mTORC1 acti-
vator, Rheb. We show that amino acids induce the
movement of mTORC1 to lysosomal membranes,
where the Rag proteins reside. A complex encoded
by the MAPKSP1, ROBLD3, and c11orf59 genes,
which we term Ragulator, interacts with the Rag
GTPases, recruits them to lysosomes, and is essen-
tial for mTORC1 activation. Constitutive targeting of
mTORC1 to the lysosomal surface is sufficient to
render the mTORC1 pathway amino acid insensitive
and independent of Rag and Ragulator, but not
Rheb, function. Thus, Rag-Ragulator-mediated trans-
location of mTORC1 to lysosomal membranes is the
key event in amino acid signaling to mTORC1.

INTRODUCTION

The multicomponent kinase mTORC1 (mammalian target of

rapamycin complex 1) regulates cell growth by coordinating

upstream signals from growth factors, intracellular energy levels,

and amino acid availability and is deregulated in diseases such as

cancer and diabetes (reviewed in Guertin and Sabatini, 2007).

The TSC1 and TSC2 proteins form a tumor suppressor complex

that transmits growth factor and energy signals to mTORC1 by

regulating the GTP-loading state of Rheb, a Ras-related GTP-

binding protein. When bound to GTP, Rheb interacts with and

activates mTORC1 (reviewed in Laplante and Sabatini, 2009)
290 Cell 141, 290–303, April 16, 2010 ª2010 Elsevier Inc.
and appears to be necessary for the activation of mTORC1 by

all signals, including amino acid availability. In contrast, TSC1-

TSC2 is dispensable for the regulation of mTORC1 by amino

acids, and, in cells lacking TSC2, the mTORC1 pathway is sensi-

tive to amino acid starvation but resistant to growth factor with-

drawal (Roccio et al., 2006; Smith et al., 2005).

Recently, the Rag GTPases, which are also members of the

Ras family of GTP-binding proteins, were shown to be amino

acid-specific regulators of the mTORC1 pathway (Kim et al.,

2008; Sancak et al., 2008). Mammals express four Rag

proteins—RagA, RagB, RagC, and RagD—that form hetero-

dimers consisting of RagA or RagB with RagC or RagD. RagA

and RagB, like RagC and RagD, are highly similar to each other

and are functionally redundant (Hirose et al., 1998; Sancak et al.,

2008; Schürmann et al., 1995; Sekiguchi et al., 2001). Rag heter-

odimers containing GTP-bound RagB interact with mTORC1,

and amino acids induce the mTORC1-Rag interaction by

promoting the loading of RagB with GTP, which enables it to

directly interact with the raptor component of mTORC1 (Sancak

et al., 2008). The activation of the mTORC1 pathway by amino

acids correlates with the movement of mTORC1 from an unde-

fined location to a compartment containing Rab7 (Sancak

et al., 2008), a marker of both late endosomes and lysosomes

(Chavrier et al., 1990; Luzio et al., 2007). How the Rag proteins

regulate mTORC1 is unknown, but, in cells expressing a RagB

mutant that is constitutively bound to GTP (RagBGTP), the

mTORC1 pathway is insensitive to amino acid starvation

and mTORC1 resides in the Rab7-positive compartment even

in the absence of amino acids (Sancak et al., 2008). We previ-

ously proposed that amino acids promote the translocation of

mTORC1—in a Rag-dependent fashion—to the surface of an

endomembrane compartment, where mTORC1 can find its

well-known activator, Rheb. Here, we show that the lysosomal

surface is the compartment where the Rag proteins reside and

to which mTORC1 moves in response to amino acids. We iden-

tify the trimeric Ragulator protein complex as a new component

of the mTORC1 pathway that interacts with the Rag GTPases, is



essential for localizing them and mTORC1 to the lysosomal

surface, and is necessary for the activation of the mTORC1

pathway by amino acids. In addition, by expressing in cells

a modified raptor protein that targets mTORC1 to the lysosomal

surface, we provide evidence that supports our model of

mTORC1 pathway activation by amino acids.

RESULTS

Amino Acids Cause the Translocation of mTORC1
to Lysosomal Membranes, Where the Rag GTPases
Are Already Present
To better define the compartment to which mTORC1 moves

upon amino acid stimulation, we costained human cells with

antibodies to endogenous mTOR, raptor, or RagC, as well as

to various endomembrane markers (data not shown). This

revealed that in the presence, but not in the absence, of amino

acids, mTOR and raptor colocalized with LAMP2 (Figures 1A

and 1B), a well-characterized lysosomal marker (reviewed in

Eskelinen, 2006). Amino acid stimulation also resulted in an

appreciable increase in the average size of lysosomes, which,

as determined by live-cell imaging, was most likely caused by

lysosome-lysosome fusion (R.Z., unpublished data). The amino

acid-induced movement of mTOR to the LAMP2-positive

compartment depends on the Rag GTPases, as it was eliminated

by the RNA interference (RNAi)-mediated coknockdown of RagA

and RagB (Figures S1A and S1B available online). Endogenous

RagC also colocalized extensively with LAMP2, but, unlike

mTORC1, this colocalization was unaffected by amino acid

availability (Figure 1C). Consistent with amino acids not regu-

lating the interaction between RagC and RagA or RagB (Fig-

ure 1D), an antibody that recognizes RagA and RagB stained

lysosomes in both amino acid-starved and replete cells (Fig-

ure 1E). Lastly, GFP-tagged wild-type and GTP-bound mutants

of RagB (RagBGTP) and RagD (RagDGTP) behaved identically

to their endogenous counterparts (Figures 1F and 1G). Thus,

amino acids stimulate the translocation of mTORC1 to the lyso-

somal surface, where the Rag GTPases reside irrespective of

their GTP-loaded states or amino acid availability. Given that

mTORC1 interacts with the Rag heterodimers in an amino

acid-dependent fashion (Sancak et al., 2008), the mTORC1

and Rag localization data are consistent with the Rag GTPases

serving as an amino acid-regulated docking site for mTORC1

on lysosomes.

The Translocation of mTORC1 to Lysosomes Does Not
Depend on Growth Factors, Rheb, or mTORC1 Activity
The movement of mTORC1 to lysosomes is a specific response

to amino acids. In wild-type mouse embryonic fibroblasts

(MEFs), amino acids promoted the translocation of mTORC1 to

lysosomes even when cells were cultured in the absence of

serum (Figure S1C), a condition in which mTORC1 signaling,

as detected by phosphorylated S6K1, is not active (Figure S1D).

Conversely, in the absence of amino acids, neither serum stimu-

lation nor constitutive activation of Rheb caused by the loss of

TSC2 led to the lysosomal translocation of mTORC1 (Fig-

ure S1C). In both wild-type and TSC2 null MEFs, RNAi-mediated

suppression of Rheb1 expression inhibited mTORC1 activation
by amino acids (Figure S1E) but did not interfere with the amino

acid-induced movement of mTOR to lysosomes (Figure S1F).

Thus, the amino acid-induced translocation of mTORC1 to the

lysosomal surface occurs independently of mTORC1 activity

and does not require TSC2, Rheb, or growth factors.

The Trimeric Ragulator Complex Interacts with the Rag
GTPases and Colocalizes with Them on Lysosomal
Membranes
Inspection of the amino acid sequence of the Rag GTPases

did not reveal any obvious lipid modification signals that

might mediate Rag recruitment to lysosomal membranes.

Thus, we pursued the possibility that unknown Rag-interacting

proteins are needed to localize the Rag GTPases to lysosomes

and play a role in mTORC1 signaling. To identify such proteins,

we used protein purification approaches that have led to

the discovery of other mTOR pathway components (see the

Extended Experimental Procedures). Mass spectrometric anal-

ysis of anti-FLAG immunoprecipitates prepared from human

HEK293T cells stably expressing FLAG-RagB or FLAG-RagD,

but not FLAG-Rap2a, consistently revealed the presence of

proteins encoded by the MAPKSP1, ROBLD3, and c11orf59

genes (Figure 2A). Furthermore, the same proteins were also de-

tected in immunoprecipitates of endogenous RagC but not

control proteins like p53 or tubulin. Previous work indicates

that these three small proteins interact with each other, localize

to endosomes and lysosomes, and play positive roles in the

MAPK pathway (Lunin et al., 2004; Nada et al., 2009; Schaeffer

et al., 1998; Teis et al., 2002, 2006; Wunderlich et al., 2001).

The proteins encoded by MAPKSP1, ROBLD3, and c11orf59

have been called MP1, p14, and p18, respectively, and we use

these names throughout this study. For convenience and

because MP1, p14, and p18 are Rag and mTORC1 regulators

(see below), we refer to the trimeric complex as the ‘‘Ragulator.’’

Orthologs of MP1, p14, and p18 are readily detectable in

vertebrates as well as in Drosophila (Figure 2A), but extensive

database searches did not reveal any potential orthologs in

budding or fission yeast. The amino acid sequences of MP1,

p14, and p18 reveal little about their function, and other than

p14, which has a roadblock domain of unknown function (Koonin

and Aravind, 2000), the proteins do not share sequence

homology among themselves or with any other proteins in the

databases besides their direct orthologs. In particular, they do

not share any sequence similarity with the Ego1p or Ego3p,

proteins, which interact with Gtr1p and Gtr2p (Dubouloz et al.,

2005; Gao and Kaiser, 2006), the orthologs of the Rag proteins

in budding yeast (Gao and Kaiser, 2006; Schürmann et al.,

1995). The lysosomal localization of p18 requires its lipidation

through N-terminal myristoylation and palmitoylation sites, and

p18 likely serves as a platform for keeping MP1 and p14 on the

lysosomal surface (Nada et al., 2009).

In humans, a mutation that leads to a partial reduction in the

expression of p14 causes a pronounced growth defect so that

individuals carrying the mutation are below the third percentile

in age-adjusted height (Bohn et al., 2007). Furthermore, mice

engineered to lack either p14 or p18 die around embryonic

day 7–8 and exhibit severe growth retardation (Nada et al.,

2009; Teis et al., 2006). Given the major role of the mTORC1
Cell 141, 290–303, April 16, 2010 ª2010 Elsevier Inc. 291
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Figure 1. mTORC1 Localizes to Lysosomal Membranes in an Amino Acid-Dependent Fashion while the Rag GTPases Are Constitutively

Localized to the Same Compartment

(A) Images of HEK293T cells coimmunostained for lysosomal protein LAMP2 (green) and mTOR (red). Cells were starved of and restimulated with amino acids for

the indicated times before processing and imaging.

(B) Images of HEK293T cells coimmunostained for LAMP2 (green) and raptor (red). Cells were treated and processed as in (A).

(C) Images of HEK293T cells coimmunostained for LAMP2 (green) and RagC (red). Cells were treated and processed as in (A).

(D) RagC interacts with RagA and RagB independently of amino acid availability. RagC immunoprecipitates were prepared from HEK293T cells starved or stim-

ulated with amino acids as in (A), and immunoprecipitates and lysates were analyzed by immunoblotting for the indicated proteins.

(E) Images of HEK293T cells coimmunostained for RagA/B (green) and LAMP2 (red). Cells were treated, processed, and imaged as in (A).

(F) GFP-RagB and GFP-RagBGTP colocalize with coexpressed LAMP1-mRFP independently of amino acid availability. HEK293T cells transfected with the

indicated cDNAs were treated and processed as in (A).

(G) GFP-RagD and GFP-RagDGTP colocalize with coexpressed LAMP1-mRFP independently of amino acid availability. HEK293T cells transfected with the

indicated cDNAs were treated and processed as in (A).

In all images, insets show selected fields that were magnified five times and their overlays. Scale bars represent 10 mm. See also Figure S1.
pathway in growth control, these loss-of-function phenotypes

were of interest to us.

As an initial step in verifying our mass spectrometric identifica-

tion of MP1, p14, and p18 as Rag-interacting proteins, we coex-

pressed them along with RagB and RagD in HEK293T cells and

found that the Ragulator, but not the control Rap2A protein,

coimmunoprecipitated both Rag GTPases but not the metap2
292 Cell 141, 290–303, April 16, 2010 ª2010 Elsevier Inc.
protein that has the same molecular weight as tagged RagB (Fig-

ure 2B). Furthermore, when coexpressed with a RagB mutant

(RagBGTP) that binds constitutively to GTP, the Ragulator coim-

munoprecipitated the mTORC1 components raptor and mTOR

(Figure 2C), consistent with the GTP-loading of RagB promoting

the interaction of the Rag heterodimers with mTORC1 (Sancak

et al., 2008). Furthermore, endogenous RagA, RagB, and RagC



Figure 2. The Trimeric Ragulator Complex Interacts and Colocalizes with the Rag GTPases

(A) Schematic amino acid sequence alignment of human MP1, p14, and p18 and their corresponding Drosophila orthologs.

(B) Recombinant epitope-tagged Ragulator coimmunoprecipitates recombinant RagB and RagD. Anti-FLAG immunoprecipitates were prepared from HEK293T

cells cotransfected with the indicated cDNAs in expression vectors and cell lysates and immunoprecipitates analyzed by immunoblotting for levels of indicated

proteins. The * indicates the band corresponding to the metap2 protein as it has the same apparent molecular weight as HA-GST-RagB.

(C) Recombinant Ragulator coimmunoprecipitates mTORC1 when it is coexpressed with the GTP-bound mutant of RagB. HEK293T cells were cotransfected

with the indicated cDNAs in expression vectors and analyzed as in (B). The * indicates the bands corresponding to metap2 as it has the same apparent molecular

weight as HA-GST-RagB.

(D) Recombinant Ragulator co-immunoprecipitates endogenous RagA, RagB, and RagC. HEK293T cells were cotransfected with indicated cDNAs in expression

vectors and anti-FLAG immunoprecipitates analyzed as in (B).

(E) Recombinant RagB-RagD heterodimers coimmunoprecipitate endogenous p14, MP1, and p18. HEK293T cells were cotransfected with indicated cDNAs in

expression vectors and anti-FLAG immunoprecipitates analyzed as in (B).

(F) Endogenous RagC coimmunoprecipitates endogenous p14 and MP1. Anti-RagC immunoprecipitates were prepared from HEK293T cells and analyzed for the

levels of the indicated proteins.

(G) Amino acids do not regulate the amounts of endogenous MP1, p14, RagA, or RagB that coimmunoprecipitate with recombinant p18. p18 null cells (p18�/�) or

p18 null cells stably expressing FLAG-p18 (p18rev) were starved for amino acids for 50 min or starved and restimulated with amino acids for 10 min. After in-cell

crosslinking, anti-FLAG immunoprecipitates were prepared from cell lysates and analyzed for the levels of the indicated proteins by immunoblotting.

(H) Amino acids do not affect the amounts of endogenous p14 and p18 that coimmunoprecipitate with endogenous RagA/B. HEK293T cells were treated as in (G),

and anti-RagA/B immunoprecipitates were analyzed by immunoblotting for the indicated proteins.

(I) Endogenous Ragulator coimmunoprecipitates with FLAG-RagB independently of amino acid availability and GTP-loading of RagB. HEK293T cells stably

expressing FLAG-RagB or FLAG-RagBGTP were starved and restimulated with amino acids as in (G), and anti-FLAG immunoprecipitates were analyzed for

the levels of indicated proteins.

(J) The Rag GTPases colocalize with GFP-tagged p18. HEK293T cells were transfected with a cDNA encoding p18-GFP, processed for immunostaining for

endogenous RagA/B or RagC, and imaged for the RagA/B (red) or RagC (red) signal as well as for p18-GFP fluorescence (green). Note that not all cells express

p18-GFP. In all images, insets show selected fields that were magnified five times and their overlays. Scale bars represent 10 mm.

See also Figure S2.
copurified with recombinant Ragulator (Figure 2D), and endoge-

nous Ragulator components copurified with the recombinant

RagB-RagD heterodimer (Figure 2E). Lastly, endogenous p14
and MP1 were present in immunoprecipitates prepared with

an antibody directed against endogenous RagC that readily

coimmunoprecipitates RagA (Figure 2F).
Cell 141, 290–303, April 16, 2010 ª2010 Elsevier Inc. 293
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Figure 3. The Ragulator Is Necessary to Localize the Rag GTPases and mTORC1 to Lysosomal Membranes

(A) Images of p14 null or p18 null cells or their respective controls coimmunostained for RagC (red) and LAMP2 (green). Cells were starved of and restimulated with

amino acids for the indicated times before processing for the immunofluorescence assay and imaging.

(B) Images of p14 null or p18 null cells or their respective controls coimmunostained for mTOR (red) and LAMP2 (green). Cells were treated and processed

as in (A).

(C) Colocalization of mRFP-RagB (red) with GFP-Mito (green) in cells expressing mitochondrially localized p18. p18 null cells (p18�/�), or p18 null cells expressing

wild-type p18 (p18rev) or mitochondrially localized p18 (p18mito), were transiently transfected with the indicated cDNAs in expression plasmids and imaged.

In all images, insets show selected fields that were magnified five times and their overlays. Scale bars represent 10 mm. See also Figure S3.
Amino acids did not appreciably regulate the interaction

of recombinant p18 with endogenous p14, MP1, or the Rag

GTPases (Figure 2G). Similarly, amino acids did not affect the

interaction of endogenous Ragulator with endogenous Rag A/B

(Figure 2H). The amounts of p14, p18, and MP1 that coimmuno-

precipitated with the GTP-bound RagB mutant (RagBGTP) were

slightly less than with wild-type RagB (Figure 2I). Because

mTORC1 pathway activity is high in cells expressing RagBGTP

(Sancak et al., 2008), the reduced Ragulator-Rag interaction in

these cells may reflect a compensatory mechanism to reduce

mTORC1 activity. To test whether the Rag GTPases interact

with one or more Ragulator components directly, we performed

in vitro binding assays between purified RagB-RagD hetero-

dimers and individual Ragulator proteins. p18 interacted with

RagB-RagD in vitro, but not with the Rap2a control protein

(Figure S2A). In contrast, we did not detect a direct interaction

between either p14 or MP1 and the Rag GTPases (data not

shown), suggesting that p18 is the principal Rag-binding subunit

of the Ragulator. Lastly, within HEK293T cells, GFP-tagged p18

colocalized with endogenous RagA/B and RagC (Figure 2J).
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Collectively, these results show that the Ragulator interacts with

the Rag GTPases and that a supercomplex consisting of

Ragulator, a Rag heterodimer, and mTORC1 canexist within cells.

Ragulator Localizes the Rag Proteins to the Lysosomal
Surface and Is Necessary for the Amino Acid-Dependent
Recruitment of mTORC1
Because the Rag GTPases interact with Ragulator and given the

function of p18 in localizing MP1 and p14 to lysosomes (Nada

et al., 2009), it seemed possible that the Ragulator is necessary

for localizing the Rag proteins to the lysosomal surface. Indeed,

in cells lacking p14 or p18 (Nada et al., 2009; Teis et al., 2006),

endogenous RagC was localized in small puncta throughout

the cytoplasm of the cells rather than to lysosomes (Figure 3A),

the morphology of which was not obviously affected by the

loss of either protein. In contrast, in p14+/+ cells or p18 null cells

reconstituted with wild-type p18 (p18rev), RagC constitutively

colocalized with the LAMP2 lysosomal marker (Figure 3A). Anal-

ogous results were obtained in HEK293T cells with an RNAi-

mediated reduction in MP1 expression (Figure S3A). Consistent
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Figure 4. Ragulator Null and -Depleted Cells are Highly Deficient in the Activation of mTORC1 Signaling by Amino Acids

(A) p14 is necessary for the activation of the mTORC1 pathway by amino acids and serum. p14 null or control cells were starved of amino acids or serum for

50 min, or starved and restimulated with amino acids or serum for 10 min. Immunoblot analyses were used to measure the levels of the indicated proteins

and phosphorylation states.

(B) p18 is necessary for the activation of the mTORC1 pathway by amino acids and serum. p18 null or control cells were treated and analyzed as in (A).

(C) Partial knockdown of MP1 blunts mTORC1 pathway activation by amino acids. HEK293T cells expressing a control shRNA or two distinct shRNAs targeting

MP1 were starved for amino acids for 50 min, or starved and stimulated with amino acids for 10 min and analyzed as in (A).

(D) p14 and p18 are not necessary for mTORC2 pathway activity. p14 null or control cells were starved for serum, or starved and then restimulated with serum as

in (A). p18 null or control cells were grown in complete media. Cell lysates were prepared and analyzed by immunobloting for the levels of Akt1 and Akt phos-

phorylation at the S473 site phosphorylated by mTORC2.

(E) Decreased p14 expression impairs amino acid-induced mTORC1 activation in human cells. Cells derived from patients with lower p14 expression or healthy

individuals were treated and analyzed as in (A).

(F) Cells lacking Ragulator are smaller than control cells. Cell size distributions of p14 null or p18 null cells are overlaid with those from corresponding control cells.

(G) Ragulator function is conserved in Drosophila cells. Drosophila S2 cells were transfected with a control dsRNA, or dsRNAs targeting dRagC, dMP1, dp14, or

dp18, starved of amino acids for 90 min, or starved and restimulated with amino acids for 30 min. Levels of indicated proteins and phosphorylation states were

analyzed by immunobloting.

See also Figure S4.
with the essential role of the Rag proteins in the translocation of

mTORC1 to the lysosomal surface (Figure S1), in cells lacking

p14 or p18 or in HEK293T cells with p14, p18, or MP1 knock-

downs, amino acids failed to induce lysosomal recruitment of

mTOR, which was found throughout the cytoplasm in both

amino acid-starved and -stimulated cells (Figure 3B, Figures

S3B and S3D). Thus, all Ragulator subunits are required for lyso-

somal targeting of the Rag GTPases and mTORC1.

To determine whether Ragulator is sufficient to control the

intracellular localization of the Rag proteins, it was necessary

to target Ragulator to a location that is distinct from the lyso-

somal surface. As p18 binds both p14 and MP1 and is necessary

for targeting them to the lysosomal surface (Nada et al., 2009),

we chose to manipulate the intracellular localization of p18. To

accomplish this, we generated a variant of p18, called p18mito,

which lacks its N-terminal lipidation sites but is fused at its

C terminus to the transmembrane region of OMP25, which is

sufficient to target heterologous proteins to the mitochondrial

surface (Nemoto and De Camilli, 1999). When expressed in

p18 null cells, p18mito was associated with mitochondria, as veri-

fied by colocalization with the established mitochondrial protein

Cytochrome c (Figure S3E). Remarkably, in the p18 null cells

expressing p18mito, RFP-tagged RagB colocalized with the mito-

chondrial marker GFP-mito (Figure 3C). In contrast, RFP-RagB
did not colocalize with GFP-mito in p18 null cells (p18�/�) or

p18rev cells and instead was present in a cytoplasmic or lyso-

somal pattern, respectively (Figure 3C). In cells expressing

p18mito, mTORC1 activity remained very low and mTOR was

not recruited to the mitochondria (Figures S3E and S3F), likely

because the mitochondrial surface does not contain the

machinery necessary to load the Rag GTPases with the appro-

priate nucleotides. These results indicate that the location of

p18 is sufficient to define that of the Rag proteins and are consis-

tent with Ragulator serving as a constitutive docking site on lyso-

somes for the Rag heterodimers, which, in amino acid-replete

cells, have an analogous function for mTORC1.

Ragulator Is Necessary for TORC1 Activation by Amino
Acids in Mammalian and Drosophila Cells
We employed the cells lacking p14 or p18 to determine whether

Ragulator is necessary for mTORC1 activation by amino acids.

Strikingly, in both p14 and p18 null cells, but not in control cells,

amino acids were incapable of activating the mTORC1 pathway

as detected by the phosphorylation of S6K1 (Figures 4A and 4B)

and 4E-BP1 (Figure S4A). Similarly, cells derived from patients

with a homozygous mutation in the p14 gene that causes

a reduction in p14 expression (Bohn et al., 2007) showed a defect

in amino acid-induced mTORC1 activation compared to cells
Cell 141, 290–303, April 16, 2010 ª2010 Elsevier Inc. 295



derived from a healthy donor (Figure 4E). In addition, autophagy,

a process normally inhibited by mTORC1, was activated in p14

null cells, as detected by an increase compared to in control cells

in the size and number of GFP-LC3-II puncta (Figures S4B

and S4C). mTORC1 activity was also suppressed in HEK293T

cells with RNAi-induced reductions in p14, p18, or MP1 levels

(Figure 4C, Figure S3C). Consistent with the known requirement

of amino acids and Rag function for growth factors to activate

mTORC1 (Sancak et al., 2008), serum was also incapable of

activating the mTORC1 pathway in cells null for p14 or p18

(Figures 4A and 4B). In contrast, no defect was observed in the

level of S473 phosphorylation of Akt (Figure 4D). In fact, Akt

phosphoylation was slightly higher in the p14 null and p18 null

cells than in controls cells, which likely results from the lack of

the well-appreciated inhibitory input from mTORC1 to the PI3K

pathway in these cells (reviewed in Manning, 2004). As mTORC2

is the growth factor-regulated S473 kinase of Akt (Sarbassov

et al., 2005), these results also indicate that the Ragulator does

not play a detectable positive role in mTORC2 signaling. Interest-

ingly, in the p18 null cells the expression of RagA and RagC was

higher than in control cells (Figure 4B), suggesting that feedback

signals in these cells may be trying to overcome the defect in

mTORC1 activity by boosting Rag expression or that Ragulator

also negatively controls Rag GTPase levels. Consistent with

p18, p14, and MP1 forming a complex, the expression or stability

of the Ragulator proteins seems to be coregulated because in

cells that lack p14, p18 protein levels are also reduced, and,

similarly, in cells that lack p18, p14 protein levels are also low

(Figure S2B). A well-known function of the mTORC1 pathway

is the positive regulation of cell growth, so that inhibition of the

pathway leads to a reduction in cell size (reviewed in Laplante

and Sabatini, 2009). Consistent with Ragulator being a positive

component of the mTORC1 pathway, the p14 and p18 null cells

were smaller in size than their respective controls (Figure 4F).

Many components of the TORC1 pathway, such as the Rag

proteins, have conserved roles in mammalian and Drosophila

cells (Kim et al., 2008; Sancak et al., 2008). RNAi-inducing

double-stranded RNAs (dsRNAs) that target the Drosophila

orthologs of MP1 (CG5110), p14 (CG5189), and p18 (CG14184)

were as effective at blocking amino acid-stimulated activation

of dTORC1 in Drosophila S2 cells as dsRNAs targeting dRagC

(Figure 4G). Our loss-of-function experiments indicate that

Ragulator is a component of the TORC1 pathway that, like the

Rag GTPases, is essential for amino acids to activate TORC1

signaling in mammalian and Drosophila cells.

Forced Targeting of mTORC1 to the Lysosomal
Surface Eliminates the Amino Acid Sensitivity
of the mTORC1 Pathway
The findings we have presented so far are consistent with the

amino acid-induced movement of mTORC1 to the lysosomal

surface being necessary for the activation of mTORC1 by amino

acids. To test whether the placement of mTORC1 on lysosomal

membranes is sufficient to mimic the amino acid input to

mTORC1, it was necessary to force mTORC1 onto these mem-

branes in the absence of amino acids. To accomplish this, we

expressed in HEK293T cells modified raptor proteins that

consist of epitope-tagged raptor fused to the intracellular target-
296 Cell 141, 290–303, April 16, 2010 ª2010 Elsevier Inc.
ing signals of Rheb1 or Rap1b, small GTPases that localize, in

part, to the lysosomal surface (Pizon et al., 1994; Saito et al.,

2005; Sancak et al., 2008). Because the targeting signals of

these proteins are in their C-terminal tails, we added the last

15 or 17 amino acids of Rheb1 or Rap1b, respectively, to the

C terminus of raptor (Figure 5A). For simplicity, we refer to these

fusion proteins as raptor-Rheb15 and raptor-Rap1b17. As

a control, we generated a raptor fusion protein that lacks the

CAAX box of the Rheb1 targeting signal (raptor-Rheb15DCAAX)

and so cannot associate with membranes (Buerger et al., 2006;

Clark et al., 1997; Takahashi et al., 2005).

When expressed in cells together with myc-mTOR, raptor-

Rheb15 and raptor-Rap1b17 localized to lysosomes in the pres-

ence or absence of amino acids, as judged by costaining with

LAMP2 (Figure 5B). In contrast, raptor-Rheb15DCAAX behaved

like wild-type raptor and localized to lysosomes only upon amino

acid stimulation (Figure 5B). In all cases, the localization of

the coexpressed myc-mTOR mirrored that of the wild-type or

altered forms of raptor, indicating that C-terminal modifications

of raptor do not perturb its interaction with mTOR (Figure 5C),

which was confirmed in coimmunoprecipitation experiments

(Figure S5A).

Remarkably, transient expression of raptor-Rheb15 or raptor-

Rap1b17 in HEK293T cells was sufficient to render the mTORC1

pathway, as judged by the phosphorylation of S6K1, resistant to

amino acid starvation (Figure 6A). In contrast, the expression of

wild-type raptor or raptor-Rheb15DCAAX did not affect the

amino acid sensitivity of the pathway (Figure 6A). In HEK293E

cells, the expression of raptor-Rheb15 made S6K1 phosphoryla-

tion insensitive to amino acid starvation but did not affect its

regulation by insulin (Figure 6B). Thus, lysosomal targeting of

mTORC1 can substitute for the amino acid, but not growth

factor, input to mTORC1. This is consistent with previous work

showing that growth factors signal to mTORC1 in large part

through the TSC1-TSC2-Rheb axis (reviewed in Laplante and

Sabatini, 2009), and not through the Rag GTPases (Sancak

et al., 2008).

To verify the effects of lysosomally targeted mTORC1 in a

more physiological setting than that achieved by transient com-

plementary DNA (cDNA) expression, we generated HEK293T cell

lines stably expressing FLAG-tagged raptor-Rheb15 or wild-

type raptor. In cells expressing the lysosomally targeted but

not wild-type raptor, mTOR was always associated with lyso-

somes, irrespective of amino acids (Figure 6C). As with the

transient expression of raptor-Rheb15, its stable expression

rendered the mTORC1 pathway fully resistant to amino acid

starvation (Figure 6D). Furthermore, under normal growth condi-

tions, these cells had an increase in mTORC1 activity and were

larger than controls (Figure 6E).

We next examined whether the targeting of mTORC1 to

membranes other than lysosomal membranes could also elimi-

nate the amino acid sensitivity of the mTORC1 pathway. This

was not the case because although the stable expression of

a raptor variant consisting of raptor fused to the last 25 amino

acids of H-Ras (raptor-HRas25) (Figure 5A, Figure S5B) was

sufficient to target a fraction of cellular mTOR to the plasma

membrane (Figure 6C), it did not render the mTORC1 pathway

resistant to amino acid starvation (Figure 6D).



Figure 5. In Cells Expressing Raptor Variants Fused to the Targeting Signals of Rheb1 or Rap1b, mTORC1 Localizes to Lysosomal

Membranes in an Amino Acid-Independent Fashion

(A) Schematic of raptor fusion proteins that target mTORC1 to lysosomal membranes (raptor-Rheb15; raptor-Rap1b17) or to the plasma membrane (Raptor-

HRas25) as well as proteins used as controls (wild-type raptor; raptor-Rheb15DCAAX).

(B) Images of amino acid starved or replete cells expressing lysosomally targeted or control HA-tagged raptor proteins and coimmunostained for the HA epitope

(red) and endogenous LAMP2 (green). HEK293T cells were transfected with the indicated cDNAs, starved of and restimulated with amino acids for the indicated

times, and processed in the immunofluorescence assay.

(C) Images of amino acid starved or replete cells coexpressing myc-mTOR and the indicated raptor fusion proteins and coimmunostained for the myc epitope

(green) and endogenous LAMP2 (red). HEK293T cells were co-transfected with the indicated cDNAs and treated and processed as in (B).

In all images, insets show selected fields that were magnified five times and their overlays. Scale bars represent 10 mm.
Forced Targeting of mTORC1 to the Lysosomal Surface
Eliminates the Requirement in mTORC1 Signaling
for Rag and Ragulator, but Not Rheb, Function
The ability to constitutively localize mTORC1 to lysosomal

membranes enabled us to probe in more detail the role of the

Rag and Rheb GTPases, as well as Ragulator, in the activation

of mTORC1 by amino acids. We hypothesized that if the major

role of the Rag GTPases is to allow mTORC1 to localize to

lysosomes, then in cells that express raptor-Rheb15, mTORC1

activity should be independent of Rag function. Indeed, while

in control cells the RNAi-mediated knockdown of both RagA

and RagB strongly blunted the activation of mTORC1 by

amino acids, it did not reduce the amino acid-insensitive

mTORC1 activity observed in raptor-Rheb15-expressing cells
(Figure 7A). As an additional approach to inhibit Rag function,

we exploited the fact that coexpression of a GDP-bound RagB

mutant (RagBGDP) and a GTP-bound RagD mutant (RagDGTP)

eliminates mTORC1 pathway activity within cells (Kim et al.,

2008; Sancak et al., 2008). Expression of RagBGDP-RagDGTP

completely prevented mTORC1 activation by amino acids in

control cells but had no effect on the amino acid-insensitive

mTORC1 activity of cells expressing raptor-Rheb15 (Figure 7B).

If the main function of Ragulator in the mTORC1 pathway is to

localize the Rag GTPases to the lysosomes, then it should be

possible to reactivate the mTORC1 pathway in Ragulator null

cells by expressing raptor-Rheb15. Remarkably, the stable

expression of raptor-Rheb15, but not wild-type raptor, in p14

or p18 null cells reactivated mTORC1 signaling and made it
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Figure 6. Constitutive Association of Raptor with Lysosomal Membranes, but Not the Plasma Membrane, Is Sufficient to Make the mTORC1

Pathway Insensitive to Amino Acid Starvation
(A) The mTORC1 pathway is not sensitive to amino acid starvation in cells that express lysosomally targeted but not control raptor proteins. HEK293T cells

were cotransfected with the indicated cDNA expression plasmids and starved of amino acids for 50 min or starved and restimulated with amino acids for

10 min. Cell lysates and anti-FLAG-S6K1 immunoprecipitates were analyzed by immunobloting for the levels of the indicated proteins and phosphorylation

states.

(B) The mTORC1 pathway is sensitive to serum starvation and insulin stimulation in cells that express lysosomally targeted as well as control raptor proteins.

HEK293E cells were cotransfected with the indicated cDNA expression plasmids, starved of amino acids for 50 min, or starved and restimulated with amino acids

for 10 min. Duplicate cultures were starved of serum for 50 min or starved and stimulated with insulin for 10 min. Cell lysates and anti-FLAG-S6K1 immunopre-

cipitates were analyzed by immunobloting for the levels of the indicated proteins and phosphorylation states.

(C) Images of cells stably expressing FLAG-raptor, FLAG-raptor-Rheb15, or FLAG-raptor-HRas25 and coimmunostained for endogenous mTOR (green) and

endogenous LAMP2 (red). HEK293T cells stably expressing the indicated proteins were treated as in (A) for the indicated times before processing in the immu-

nofluorescence assay. In all images, insets show selected fields that were magnified five times and their overlays. The scale bar represents 10 mm.

(D) Targeting of mTORC1 to the lysosomal but not the plasma membrane makes the mTORC1 pathway insensitive to amino acid starvation. HEK293T cells stably

expressing FLAG-raptor, FLAG-raptor-Rheb15, or FLAG-raptor-HRas25 were treated as in (A) and analyzed by immunoblotting for the levels of the indicated

proteins and phosphorylation states.

(E) Targeting of mTORC1 to the lysosomal membrane increases cell size and pathway activity in cells under normal growth conditions. Cell size distributions of

cells that stably express FLAG-raptor or FLAG-raptor-rheb15 as well as immunoblot analyses of the mTORC1 pathway in the same cells are shown.
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insensitive to amino acid deprivation (Figures 7C and 7D).

Furthermore, expression of raptor-Rheb15 in the p18 null cells

was sufficient to increase their size (Figure 7E). In contrast to

the results observed with the Rag GTPases and Ragulator,

RNAi-mediated suppression of Rheb1 blocked amino acid-

induced mTORC1 activation in cells expressing raptor-Rheb15

to the same extent as it did in control cells (Figure 7F).

To test whether the presence of mTORC1 and Rheb on

the same membrane compartment is sufficient to render the

mTORC1 pathway insensitive to amino acid levels, we generated

cells in which mTORC1 and Rheb are both present on the plasma

membrane. To accomplish this, we prepared a Rheb1 variant,

called Rheb1-HRas25, that localizes to the plasma-membrane

(Figure S5C) because it contains the C-terminal 25 amino acids

of H-Ras instead of the normal Rheb1 localization signal. When

Rheb1-HRas25 was stably coexpressed with raptor-HRas25,

but not wild-type raptor, the mTORC1 pathway became insensi-

tive to amino acid starvation (Figure 7G). Importantly, mTORC1

signaling remained amino acid-sensitive in cells in which either

Rheb or mTORC1, but not both, was targeted to the plasma

membrane (Figure 7G).

DISCUSSION

Our findings, together with previous work showing that Rheb is

required for amino acids to activate the mTORC1 pathway (Roc-

cio et al., 2006; Smith et al., 2005) and can localize to late endo-

somes/lysosomes (Saito et al., 2005; Sancak et al., 2008), is

consistent with a model in which amino acids induce mTORC1

to associate with the endomembrane system of the cell and

thus allow it to encounter its activator Rheb. In this model, the

essential role of the Ragulator-Rag complex is to serve as an

amino acid-regulated docking site for mTORC1 on lysosomal

membranes (see schematic in Figure 7H). The proposed link

between the Rag and Rheb GTPases in the regulation of the

mTORC1 pathway provides an explanation for why activation

of mTORC1 occurs only when activators of both Rheb (e.g.,

growth factors and energy) and the Rags (i.e., amino acids) are

available. For technical reasons (Buerger et al., 2006; Sancak

et al., 2008), it has not been possible to determine the intracel-

lular localization of endogenous Rheb, and work using overex-

pressed GFP-tagged Rheb1 has placed it on various endomem-

brane compartments, including endosomes and lysosomes

(Buerger et al., 2006; Saito et al., 2005; Sancak et al., 2008; Ta-

kahashi et al., 2005). Our results suggest that at some point in its

life cycle, Rheb must traverse the lysosomal surface in order to

encounter mTORC1, and so in our model we have chosen to

place Rheb on this compartment (Figure 7H). However, at any

given time only a small fraction of cellular Rheb may actually

be on the lysosomal surface, or, alternatively, some of the

mTORC1 within the cell may move to a nonlysosomal endomem-

brane compartment that also contains Rheb. These issues will

only be answered once a definitive location for endogenous

Rheb can be determined.

The trimeric p14, p18, and MP1 protein complex, which

we call Ragulator, is a Rag-interacting complex that is essential

for amino acid signaling to mTORC1 and represents an addi-

tional critical component of the TORC1 signaling pathway in
mammals and flies. p18 directly interacts with the Rag GTPases

(Figure S2A) as well as with p14 and MP1 (Nada et al., 2009) and

so may serve as a scaffold to bring the Rag GTPases and MP1-

p14 next to each other. In vitro we have not detected a direct

interaction between the Rag GTPases and either MP1 or p14,

but both proteins are, like p18, necessary for localizing the Rag

GTPases to the lysosomal surface. p14 is required to maintain

normal p18 expression levels (Figure S2B), suggesting that

within cells p14 and MP1 form a crucial part of the Ragulator

structure. Given the nonspecific nature of the p14 and p18

names, in the future it may be best to rename these proteins,

perhaps to names that reflect their essential roles in the mTORC1

pathway.

The location of the Rag GTPases, the Ragulator, and mTORC1

on the lysosomal surface implicates this organelle as the site of

a yet to be discovered sensing system that signals amino acid

availability to the Ragulator-Rag complex. The lysosomal loca-

tion of the amino acid sensing branch of the mTORC1 pathway

is consistent with increasing evidence that lysosomes, and their

yeast counterparts, vacuoles, are at the nexus of amino acid

metabolism within cells. Lysosomes are a major site of protein

degradation and amino acid recycling, and vacuoles store amino

acids at high concentrations (reviewed in Li and Kane, 2009).

Thus, mTORC1 and its regulators may reside on the lysosomal

surface so as to sense a currently unknown aspect of lysosomal

function that reflects the intracellular pools of amino acids.

It is interesting to consider the differences and similarities

between the still poorly understood amino acid signaling mech-

anisms employed by the mTORC1 and yeast TORC1 pathways.

Consistent with previous work in mammalian cells (Sancak et al.,

2008), the Gtr1p-Gtr2p heterodimer that is orthologous to RagA/

B-RagC/D interacts with yeast TORC1 when Gtr1p is GTP

loaded (Binda et al., 2009). TORC1 and the Gtr proteins are

located on the surface of the vacuole (Berchtold and Walther,

2009; Binda et al., 2009), the yeast equivalent of lysosomes,

but, unlike in mammals, yeast TORC1 does not leave the vacu-

olar surface upon amino acid deprivation although amino acids

do control the interaction of TORC1 with Gtr1p-Gtr2p (Binda

et al., 2009). This finding suggests that there must be a distinct

mechanism for retaining TORC1 at the vacuolar surface and

that in yeast the interaction between TORC1 and Gtr1p-Gtr2p

serves other purposes besides controlling the intracellular loca-

tion of TORC1. In contrast, our current work argues that in

mammals, the main role of the Rag GTPase and the associated

Ragulator complex is to control the association of mTORC1 with

the cellular endomembrane system, in particular, lysosomes.

Rheb, which is essential for the activation of mTORC1 by all

upstream signals, does not appear to be part of the TORC1

pathway in yeast (reviewed in Berchtold and Walther, 2009). As

we suggest that the Rag-dependent and amino acid-regulated

translocation of mTORC1 to the lysosomal surface may ulti-

mately be a mechanism for controlling the access of mTORC1

to Rheb, the absence of Rheb in the yeast TORC1 pathway

may make regulation of TORC1 localization unnecessary. That

known Rag- and Gtr-interacting proteins share no sequence

homology also suggests that the mechanisms through which

the Rag and Gtr GTPases regulate mTORC1 and yeast

TORC1, respectively, have diverged. Although it is clear that
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Figure 7. Targeting of mTORC1 to the Lysosomal Surface Makes the Activity of the mTORC1 Pathway Independent of Rag and Ragulator, but

Not Rheb, Function

(A) In cells that express FLAG-raptor-Rheb15, mTORC1 pathway activity is independent of Rag GTPase function. Lysates of HEK293T cells expressing FLAG-

raptor or FLAG-raptor-Rheb15 were analyzed by immunobloting for the indicated proteins and phosphorylation states after disruption of Rag function by RNAi-

mediated coknockdown of RagA and RagB. Cells were starved of amino acids for 50 min or starved and restimulated with amino acids for 10 min before lysis.

(B) In cells that express FLAG-raptor-Rheb15, mTORC1 pathway activity is independent of Rag GTPase function. Lysates of HEK293T cells expressing FLAG-

raptor or FLAG-raptor-Rheb15 were analyzed as in (A) after disruption of Rag function by expression of the dominant negative RagBGDP-RagDGTP heterodimer.

Cells were treated and processed as in (A).

(C) Stable expression of FLAG-raptor-Rheb15 but not FLAG-raptor in p14 null cells is sufficient to reactivate the mTORC1 pathway and make it insensitive to

amino acid starvation. Cells stably expressing the indicated proteins were treated and analyzed as in (A).

(D) Stable expression of FLAG-raptor-Rheb15 but not FLAG-raptor in p18 null cells is sufficient to reactivate the mTORC1 pathway and make it insensitive to

amino acid starvation. Cells stably expressing the indicated proteins were treated and analyzed as in (A).

(E) In p18 null cells expression of raptor-Rheb15, but not wild-type raptor, increases cell size. Cell size distributions of p18 null cells that stably express FLAG-

raptor or FLAG-raptor-Rheb15 are shown.

(F) In cells that express FLAG-raptor-Rheb15, the activity of the mTORC1 pathway is still Rheb dependent. Lysates of HEK293T cells that stably express FLAG-

raptor or FLAG-raptor-Rheb15 were analyzed by immunobloting for the indicated proteins and phosphorylation states after disruption of Rheb function by an

RNAi-mediated knockdown of Rheb1. Cells were treated as in (A).

(G) Coexpression of plasma membrane-targeted raptor and plasma membrane-targeted Rheb1 renders the mTORC1 pathway insensitive to amino acid starva-

tion. HEK293T cells stably expressing the indicated proteins were treated and analyzed as in (A).
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the Ragulator and EGO complexes both control the intracellular

localization of the Rag (this paper) and Gtr (Gao and Kaiser, 2006)

GTPases, respectively, whether these complexes have addi-

tional functions remains to be determined.

Previous studies suggest that MP1-p14-p18 complex plays an

adaptor role in the MAP kinase (MAPK) pathway (reviewed in

Dard and Peter, 2006), and our current findings do not contradict

these results. However, considering the very strong inhibition of

the mTORC1 pathway that occurs in cells lacking p14 or p18, it

seems possible that some of the impairment in MAPK signaling

observed in those cells reflects an altered feedback signaling

from Akt to the MAPK pathway. For example, in Ragulator null

cells, Akt is slightly activated, almost certainly because the

well-known inhibitory signal from mTORC1 to PI3K is absent.

As Akt suppresses MAPK signaling by phosphorylating and

inhibiting Raf (Zimmermann and Moelling, 1999), it is conceiv-

able that the activation of Akt that occurs in Ragulator null cells

could account, at least in part, for the inhibition of MAPK

signaling that has been observed in these cells.

Mice lacking either p14 or p18 die around embryonic day 7.5–8

and have obvious growth defects (Nada et al., 2009; Teis et al.,

2006). We would not be surprised if, when generated, mice

lacking the Rag proteins die at around the same age and pre-

sent similar defects. On the other hand, mice lacking the core

mTORC1 component raptor die earlier (before embryonic day

6.5) than p14 and p18 null mice (Guertin et al., 2006). This may

be expected because although loss of p14 or p18 completely

blocks mTORC1 activation by amino acids, cells lacking the

Ragulator proteins are likely to retain a low residual level of

mTORC1 activity that may be sufficient to support development

further than in embryos completely lacking mTORC1 function.

Lastly, our results suggest that the strong growth retardation

observed in humans with a mutation that reduces p14 expres-

sion (Bohn et al., 2007) is a result of partial suppression of the

mTORC1 pathway. If this turns out to be the case, it would repre-

sent the first human example of a loss-of-function mutation in

a positive component of the mTORC1 pathway.

EXPERIMENTAL PROCEDURES

Cell Lines and Tissue Culture

HEK293E cells, HEK293T cells, and TSC2+/+, TSC2�/�, p14+/+, and p14�/�

MEFs were cultured in Dulbecco’s modified Eagle’s medium (DMEM) with

10% inactivated fetal calf serum. p18rev, p18mito, and p18�/� cells were

cultured in DMEM with 10% fetal bovine serum. HEK293E and HEK293T cells

express E1a and SV40 large T antigen, respectively. In HEK293E, but not

HEK293T, cells the mTORC1 pathway is strongly regulated by serum and

insulin (Sancak et al., 2007). TSC2�/�, p53�/�, and TSC2+/+, p53�/� MEFs

were kindly provided by David Kwiatkowski (Harvard Medical School). The

HEK293E cell line was kindly provided by John Blenis (Harvard Medical

School). p14�/� and control MEFs were kindly provided by Lukas A. Huber

(Innsbruck Medical University) and described are in Teis et al. (2006). p18�/�

cells are epithelial in nature, and p18rev cells are p18�/� cells in which wild-

type p18 has been re-expressed (Nada et al., 2009). Patient-derived cells

with a homozygous mutation in the ROBLD3 (p14) gene 30 untranslated region
(H) Model for amino-acid induced mTORC1 activation. In the absence of amino a

access to its activator Rheb. In the presence of amino acids, the Rag GTPases, w

site for mTORC1, allowing mTORC1 to associate with endomembranes and thus

See also Figure S5.
and control healthy donor-derived cells were kindly provided by Christoph

Klein (Universität München) and have been described in Bohn et al. (2007)

Amino Acid and Serum Starvation and Stimulation of Cells

Serum and/or amino acid starvation of HEK293T cells, HEK293E cells, p14 null

and control cells, p18 null and control cells, MEFs, and patient-derived and

healthy donor-derived cells were performed essentially as described (Sancak

et al., 2008). Serum was dialyzed against phosphate-buffered saline (PBS) in

dialysis cassettes (Thermo Scientific) having a 3500 molecular weight cutoff.

Preparation of Cell Lysates and Immunoprecipitations

Cell lysate preparation, cell lysis, and immunoprecipitations were done as

described in the Extended Experimental Procedures.

For cotransfection experiments, 2,000,000 HEK293T or HEK293E cells were

plated in 10 cm culture dishes. Twenty-four hours later, cells were transfected

with the indicated plasmids as follows: 50 ng or 1500 ng myc-mTOR in pRK5;

20 ng or 500 ng HA-, myc-, or FLAG-Raptor in pRK5 or pLJM1 with or without

the targeting signals; 100 ng HA-GST-Rap2a in pRK5; 100 ng HA-GST-Rheb1

in pRK5; 100 ng HA-GST-RagB in pRK5; 100 ng HA-GST-RagD in pRK5; 1 ng

FLAG-S6K1 in pRK7; 50 ng or 600 ng HA- or FLAG-p14 in pRK5; 75 ng or 600 ng

HA-MP1 in pRK5; and 50 ng or 800 ng HA-p18 in pRK5. The total amount of

plasmid DNA in each transfection was normalized to 2 mg with empty pRK5.

Cell Size Determinations

For measurement of cell size, 2,000,000 HEK293T cells or 200,000 of other cell

types were plated into 10 cm culture dishes. Twenty-four hours later, the cells

were harvested by trypsinization in a 4 ml volume and diluted 1:20 with count-

ing solution (Isoton II Diluent, Beckman Coulter). Cell diameters were deter-

mined with a particle size counter (Coulter Z2, Beckman Coulter) running

Coulter Z2 AccuComp software.

Mammalian Lentiviral shRNAs and cDNAs

Lentiviral short hairpin RNAs (shRNAs) targeting human Rheb1, RagB, and

RagC have been described (Sancak et al., 2008). Lentiviral shRNAs targeting

mouse Rheb1 and human p14 were obtained from Sigma-Aldrich. Lentiviral

shRNAs targeting the messenger RNA for human MP1 and human p18 were

cloned into pLKO.1 vector as described (Sarbassov et al., 2005). The target

sequences are provided in the Extended Experimental Procedures. Virus

generation and infection was done as previously described (Sancak et al.,

2008).

Raptor was cloned into the AgeI and BamHI sites of a modified pLKO.1

vector (pLJM1) (Sancak et al., 2008) with or without the Rheb1, Rap1b, and

HRas targeting signals or cloned into the pRK5 vector with or without the

same localization signals. After sequence verification, pLJM1 based plasmids

were used in transient cDNA transfections or to produce lentivirus needed to

generate cell lines stably expressing these proteins. pRK5 based plasmids

were also used for transient transfection experiments. The p18mito expression

plasmid was generated by cloning of a mutant p18 with amino acids 2–5

changed to alanines into a modified version of the pLKO.1 vector that added,

to the C terminus of p18, the mitochondrial localization signal of OMP25

protein. This plasmid was used in transient cDNA transfections or to produce

lentivirus needed to generate stable cell lines. HA-Rheb1 and HA-Rheb1-

HRas25 were cloned into pLJM5, a derivative of pLJM1 carrying a hygromycin

instead of puromycin resistance gene. The vectors were used as above for

lentivirus production.

Immunofluorescence Assays

Fifty thousand HEK293T cells or 20,000 of other cell types were plated on

fibronectin-coated glass coverslips in 12-well tissue culture plates. Twenty-

four hours later, the slides were rinsed with PBS once and fixed for 15 min

with 4% paraformaldehyde in PBS warmed to 37�C. The slides were rinsed
cids, mTORC1 cannot associate with the endomembrane system and has no

hich are tethered to the lysosomal surface by the Ragulator, serve as a docking

encounter and become activated by Rheb.
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twice with PBS and cells were permeabilized with 0.05% Triton X-100 in PBS

for 30 s. After rinsing twice with PBS, the slides were incubated with primary

antibody in 5% normal donkey serum for 2 hr at room temperature, rinsed

four times with PBS, and incubated with secondary antibodies produced in

donkey (diluted 1:1000 in 5% normal donkey serum) for 1 hr at room temper-

ature in the dark, washed four times with PBS. Slides were mounted on glass

coverslips using Vectashield (Vector Laboratories) and imaged. Transient

transfections for immunofluorescence assays were performed as described

in the Extended Experimental Procedures.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Extended Experimental Procedures and

Five Figures and can be found with this article online at doi:10.1016/j.cell.

2010.02.024.
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Supplemental Information

EXTENDED EXPERIMENTAL PROCEDURES

Materials
Reagents were obtained from the following sources: antibodies to phospho-T389 S6K1, S6K1, mTOR, raptor, RagA/B, RagC, p14,

p18, MP1, the myc epitope, the HA epitope, the FLAG epitope (unconjugated and alexa fluor conjugated), TSC2, phospho-T398

dS6K, phospho-S473 Akt, Akt1, phospho-T70 4E-BP1, 4E-BP1, and Rheb from Cell Signaling Technology; antibodies to LAMP2

from Abcam (ab25631 and ab13524); antibody to raptor (for immunostaining) from Millipore; antibody to Cytochrome c from BD

Biosciences; HRP-labeled anti-mouse, anti-goat, and anti-rabbit secondary antibodies from Santa Cruz Biotechnology; FLAG M2

affinity gel, FLAG M2 antibody, human recombinant insulin, from Sigma Aldrich; protein G-sepharose and dialysis cassettes from

Thermo Scientific; DMEM from SAFC Biosciences; FuGENE 6 and Complete Protease Cocktail from Roche; alexa fluor conjugated

secondary antibodies from Invitrogen; 16% paraformaldehyde solution from Electron Microscopy Sciences; fibronectin from Jack-

son Immunoresearch Laboratories; 35 mm glass bottom dishes from Mattek Corporation; glass coverslips from Ted Pella, Inc; amino

acid and glucose-free RPMI from United States Biological; Schneider’s medium, Drosophila-SFM, and Inactivated Fetal Calf Serum

(IFS) from Invitrogen. The dS6K antibody was a generous gift from Mary Stewart (North Dakota State University).

Preparation of Cell Lysates and Immunoprecipitations
Cells were rinsed once with ice-cold PBS and lysed in ice-cold lysis buffer (40 mM HEPES [pH 7.4], 2 mM EDTA or 5mM MgCl2, 10

mM pyrophosphate, 10 mM glycerophosphate, 0.3% CHAPS, or 1% Trition X-100 and one tablet of EDTA-free protease inhibitors

(Roche) per 25 ml). The soluble fractions of cell lysates were isolated by centrifugation at 13,000 rpm for 10 min by centrifugation. For

immunoprecipitations, primary antibodies were added to the lysates and incubated with rotation for 1.5 hr at 4�C. 60 ml of a 50%

slurry of protein G-sepharose was then added and the incubation continued for an additional 1 hr. Immunoprecipitates were washed

three times with lysis buffer containing 150mM NaCl. Immunoprecipitated proteins were denatured by the addition of 20 ml of sample

buffer and boiling for 5 min, resolved by 8%–16% SDS-PAGE, and analyzed by immunoblotting. For Flag purifications, Flag M2

affinity gel was washed with lysis buffer 3 times. 20 ul of beads in 50% slurry was then added to pre-cleared cell lysates and incubated

with rotation for 2 hr at 4�C. Finally, The beads were washed 3 times with lysis buffer containing 150 mM NaCl. Immunoprecipitated

proteins were denatured by the addition of 50 ml of sample buffer and boiling for 5 min.

Mammalian Lentiviral shRNAs and cDNAs
The sequences of shRNAs targeting human MP1 and p18 are as follows:

MP1_1: GAGATGGAGTACCTGTTATTA

MP1_2: ATATCAATCCAGCAATCTTTA

p18: AGACAGCCAGCAACATCATTG

Identification of Ragulator Components as Rag-Associated Proteins
Ragulator components (MP1, p14, and p18) were detected in anti-FLAG immunoprecipitates prepared from HEK293T cells stably

expressing FLAG-RagB or FLAG-RagD as well as in immunoprecipitates of endogenous RagC prepared from HEK293T cells. Immu-

noprecipitates were prepared as described (Sancak et al., 2008). Proteins were eluted with the FLAG peptide from the anti-FLAG

affinity matrix or recovered from the protein G-sepharose by boiling with sample buffer, resolved by SDS-PAGE, and stained with

simply blue stain (Invitrogen). Each gel lane was sliced into 10-12 pieces and the proteins in each gel slice digested overnight

with trypsin. The resulting digests were analyzed by mass spectrometry as described (Sancak et al., 2008). 2-3 peptides correspond-

ing to each Ragulator component were identified in the FLAG-RagB and endogenous RagC immunoprecipitates, while no peptides

corresponding to any of the proteins were ever found in the FLAG-Rap2a, p53, or a-tubulin immunoprecipitates that served as

controls.

Amino Acid Starvation and Stimulation and dsRNA-Mediated Knockdowns in Drosophila Cells
Amino acid starvation and stimulation of Drosophila S2 cells was performed as described (Sancak et al., 2008). The design and

synthesis of dsRNAs has also been described (Sancak et al., 2008).

Primer sequences used to amplify DNA templates for dsRNA synthesis for dp14, dp18, and dMP1, including underlined 50 and 30 T7

promoter sequences, are as follows:

dp14 (CG5189) dsRNA forward primer: GAATTAATACGACTCACTATAGGGAGACTCTATTGGCCTACTCCGGTTAT

dp14 (CG5189) dsRNA reverse primer: GAATTAATACGACTCACTATAGGGAGATATGAGGCCGAGATCTGCTTA

dp18 (CG14184) dsRNA forward primer: GAATTAATACGACTCACTATAGGGAGAGCAGAATACTGCGATAAACATGATA

dp18 (CG14184) dsRNA reverse primer: GAATTAATACGACTCACTATAGGGAGATGGATAGGTTGGCTTAGACAGATAG

dMP1 (CG5110) dsRNA forward primer: GAATTAATACGACTCACTATAGGGAGAGTCGGACGACATCAAGAAGTATTTA

dMP1 (CG5110) dsRNA reverse primer: GAATTAATACGACTCACTATAGGGAGAAGTACATGGAGATGATGGTCTTGTT
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In Vitro Binding Assay
2 million HEK293T cells were transfected with 2 mg FLAG-p18 (lipidation mutant G2A), 2 mg HA-GST-Rap2a, or 2 mg HA-GST-RagB

together with 2 mg of HA-GST-RagC. 2 days after transfection, the cells were lysed in lysis buffer containing 1% Triton X-100 as

described (Sancak et al., 2007) and cleared lysates were incubated with glutathione- or FLAG-beads for 3 hr at 4�C with rotation.

The beads were washed 3 times with lysis buffer and two times with lysis buffer containing 0.3% CHAPS. FLAG-p18 was eluted

from FLAG beads with the FLAG peptide and 1/8 of the eluate was incubated with 1/4 of the Rag-containing glutathione beads in

lysis buffer with 0.3% CHAPS for 45 min at 4�C. The glutathione beads were washed three times with lysis buffer containing

0.3% CHAPS and 150 mM NaCl. Proteins were denatured by the addition of 20 ml of sample buffer and boiling for 5 min and analyzed

by SDS-PAGE and immunoblotting.

Transient Transfections for Immunofluorescence Assays
For myc-mTOR and HA-raptor co-transfection experiments, HEK293T cells were seeded in 60 mm culture plates. 24 hr later, cells

were transfected with 500 ng myc-mTOR and 50 ng HA-Raptor. 24 hr after transfections, cells were split and plated on fibronectin

coated glass coverslip in 12-well culture plates and processed as above.

For GFP-RagB, GFP-RagD, p18-GFP, GFP-Mito, RFP-RagB, and LAMP1-mRFP co-transfection experiments, HEK293T cells

(250,000 cells/dish) or p18�/�, p18rev or p18mito cells (50,000 cells/dish) were plated on 35 mm, glass-bottom Mattek dishes. The

next day, each dish was transfected with 100 ng of GFP-RagB or GFP-RagD, p18-GFP, GFP-mito, RFP-RagB or LAMP1-mRFP using

fugene. At 18-24 hr post transfections, cells were fixed and imaged. GFP-Mito has been described (Nemoto and De Camilli, 1999).

For GFP-LC3 localization experiments, 2 million cells were transfected by electroporation with 1 mg of GFP-LC3 plasmid, and

plated on 35 mm glass-bottom Mattek dishes. The next day the cells were starved for 3 hr in serum- and amino acid-free RPMI

to induce autophagy and processed for imaging as above.

All images were acquired with a spinning disk confocal microscope (Perkin Elmer) equipped with a Hamamatsu 1k X 1k EM-CCD

camera. For each image, 8-10 optical slices were acquired and displayed as maximum projections.

Quantification of Number of Autophagosomes per Cell
After acquisition, the images were opened with Image J, made binary and the number of autophagosomes per cell was obtained

using the ‘‘Analyze Particle’’ function.
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Figure S1. Movement of mTORC1 to Lysosomal Membranes in Response to Amino Acids Depends on the Rag GTPases and Is Independent

of TSC1/2, Rheb, and Growth Factors, Related to Figure 1

(A) Immunoblot analysis of RagB and raptor protein levels in HEK293T cells with an RNAi-mediated knockdown of a control protein or RagA and RagB.

(B) Images of cells with knockdowns of RagA and RagB and co-immunostained for mTOR (green) and LAMP2 (red) after starvation and restimulation with amino

acids for the indicated times. HEK293T cells expressing the indicated shRNAs were starved and restimulated with amino acids as indicated and processed in the

immunofluorescence assay. In all images, insets show selected fields that were magnified five times and their overlay. Scale bar is 10 mm.

(C) mTOR co-localizes with LAMP2 only in the presence of amino acids and independently of serum stimulation. Images show co-immunostaining of mTOR

(green) and LAMP2 (red) in TSC2+/+ and TSC2�/�MEFs after indicated treatments. Cells were starved for serum and amino acids, and stimulated with dialyzed
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serum, amino acids, or both before processing in the immunofluorescence assay.

(D) Lysates from TSC2+/+ and TSC2�/� MEFs starved and stimulated as in (A) were analyzed by immunobloting for the activity of the mTORC1 pathway.

(E) Loss of Rheb expression inhibits mTORC1 signaling in TSC2+/+ and TSC2�/�MEFs. Cells expressing the indicated shRNAs were starved for amino acids or

starved and restimulated with amino acids and lysates analyzed by immunobloting for mTORC1 pathway activity and Rheb1 levels.

(F) mTOR co-localizes with LAMP2 only in the presence of amino acids and independently of Rheb or TSC2. Images show co-immunostaining of mTOR (green)

and LAMP2 (red) in TSC2+/+ and TSC2�/� MEFs treated as in (C).

In all images, insets show selected fields that were magnified five times and their overlays. Scale bar is 10 mm.
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Figure S2. The Expression of Ragulator Proteins Is Coregulated and Purified FLAG-p18 Interacts with Purified HA-GST-RagB/HA-GST-RagD
Dimer In Vitro, Related to Figure 2

(A) In vitro binding assay using purified soluble FLAG-p18 and HA-GST-RagB/HA-GST-RagD heterodimer bound to glutathione beads was performed as

described in the Experimental Procedures.

(B) p14 protein levels are lower in p18 null cells than in p18 null cells expressing FLAG-p18 (p18rev). Similarly, in cells that lack p14 (p14�/�), p18 expression is

reduced compared to control cells (p14+/+). Cells were grown to confluency, lysates were prepared, and the levels of the indicated proteins analyzed by immu-

noblotting.
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Figure S3. The Ragulator Is Required for RagC Localization to Lysosomal Membranes and Amino Acid-Induced mTOR Lysosomal Localiza-

tion, Related to Figure 3

(A) An MP1 knockdown displaces RagC from the lysosomal surface. Images of cells with shRNA-mediated knockdowns of a control protein or MP1 and co-immu-

nostained for RagC (red) and LAMP2 (green). HEK293T cells expressing the indicated shRNAs were starved of and restimulated with amino acids for the stated

times and then processed in the immunofluorescence assay.

(B) An MP1 knockdown impairs the recruitment of mTOR to the lysosomal surface in response to amino acid stimulation. Images of cells with shRNA-mediated

knockdowns of a control protein or MP1 and co-immunostained for mTOR (red) and LAMP2 (green). HEK293T cells expressing the indicated shRNAs were

starved of and restimulated with amino acids for the stated times and then processed in the immunofluorescence assay.

(C) Knockdown of p18 or p14 in HEK293T cells impair amino acid-induced mTORC1 activation. HEK293T cells with RNAi-mediated knockdown of p14 or p18, or

control cells, were starved for amino acids for 50 min or starved and restimulated with amino acid for 10 min. Cell lysates were prepared and analyzed by immu-

noblotting for the phosphorylation states and levels of indicated proteins.

(D) Knockdown of p18 or p14 in HEK293T cells impairs amino acid-induced lysosomal recruitment of mTOR. Control cells and cells with p14 or p18 knockdown

were treated as in (C) and immunostained for mTOR (green) and LAMP2 (red). In all images, insets show selected fields that were magnified five times and their

overlays. Scale bar is 10 mm.

(E) Images of p18�/� cells stably expressing FLAG-p18mito and co-immunostained for FLAG-p18mito or mTOR (red) and Cytochrome c (Cyt c) (green).

(F) The mTORC1 pathway can be activated by amino acids in p18 null cells expressing wild-type p18 (p18rev), but not mitochondrially-targeted p18 (p18mito). Cells

were starved for amino acids in the presence of dialyzed serum for 50 min, or starved and restimulated with amino acids for 10 min. Lysates were prepared and

phosphorylation states and levels of indicated proteins were analyzed by immunoblotting.
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Figure S4. 4E-BP1 Phosphorylation Is Inhibited and Autophagy Is Induced in Cells Lacking Ragulator Components, Related to Figure 4

(A) Amino acids fail to stimulate 4E-BP1 phosphoryation in cells lacking p14 or p18. Cells were starved for amino acids in the presence of dialyzed serum for 50

min, or starved and restimulated with amino acids for 10 min. Lysates were prepared and 4E-BP1 phosphorylation and levels analyzed by immunoblotting.

(B) Autophagy is induced in p14 null cells. Images of cells transiently expressing GFP-LC3 and starved for amino acids and serum for 3 hr or growing in complete

media. Accumulation of GFP-LC3 in large puncta in starved control cells and in the non-starved p14 null cells indicates increased levels of autophagy in these

cells.

(C) Quantification of autophagosomes in wild-type or p14 null cells expressing GFP-LC3. Cells were treated as in (B), images were taken and the number of au-

tophagosomes per cell was quantified using Image J. At least six cells were analyzed per sample. The data are represented as mean �/+ standard deviation.

Starved wild-type cells, or p14 null cells, irrespective of being starved or not, show statistically significant increases in the number autophagosomes per cell

compared to wild-type non-starved cells (p < 0.000002). There is no statistically significant difference between starved and non-starved p14 null cells (p = 0.38).
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Figure S5. Addition of Rheb1 and Rap1b Targeting Signals to Raptor Does Not Interfere with Its Binding to mTOR and Raptor-HRas25 and

Rheb-HRas25 Localize to the Plasma Membrane, Related to Figure 7

(A) HEK293T cells were co-transfected with plasmids encoding myc-mTOR and the indicated HA-raptor variants. Anti-myc immunoprecipitates as well as lysates

were analyzed by immunobloting for the indicated proteins.

(B) Raptor fused at its C terminus with the localization signal of HRas localizes to the plasma membrane. Images of cells expressing FLAG-raptor-HRas25 and

starved of and restimulated with amino acid for the indicated times and co-immunostained with antibodies to the FLAG epitope (red) and endogenous LAMP2

(green).

(C) Rheb1 localizes to the plasma membrane when its localization signal is swapped for that of HRas. Schematic shows composition of the HA-Rheb1-HRas25

variant. Images of cells expressing HA-Rheb1 or HA-Rheb1-HRas25 (green).
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SUMMARY
Autophagy is of increasing interest as a target for cancer therapy. We find that leucine deprivation causes the
caspase-dependent apoptotic death of melanoma cells because it fails to appropriately activate autophagy.
Hyperactivation of the RAS-MEK pathway, which is common in melanoma, prevents leucine deprivation from
inhibiting mTORC1, the main repressor of autophagy under nutrient-rich conditions. In an in vivo tumor xeno-
graft model, the combination of a leucine-free diet and an autophagy inhibitor synergistically suppresses the
growth of human melanoma tumors and triggers widespread apoptosis of the cancer cells. Together, our
study represents proof of principle that anticancer effects can be obtained with a combination of autophagy
inhibition and strategies to deprive tumors of leucine.
INTRODUCTION

It is not completely understood how cancer cells survive and

grow in nutrient-limiting conditions, but recent studies support

a central role for autophagy (Klionsky, 2007; Kroemer and Lev-

ine, 2008; Levine and Kroemer, 2008; White et al., 2010). Autoph-

agy is a lysosome-dependent cellular degradation pathway that

is triggered by nutrient deprivation and requires the evolutionarily

conserved ATG proteins. These proteins regulate the formation

and expansion of a cup-shaped structure, termed the isolation

membrane or phagophore, which eventually encloses a portion

of cytoplasm in a double-membrane vesicle called an autopha-

gosome. In the late stages of autophagy, the outer membrane

of an autophagosome fuses with a lysosome to produce an au-

tophagolysosome, which leads to the degradation of the en-

closed cytoplasmic material by lysosomal enzymes and the re-

cycling of metabolites that cannot be synthesized de novo,

such as essential amino acids.

The development of the isolation membrane has two major

steps: nucleation and elongation. The nucleation step requires
Significance

Melanoma is a highly aggressive cancer for which additional t
nism that may help cancer cells survive in nutrient-limiting co
However, in preclinical tumor models inhibition of autophagy
Here, we show that the combination of leucine deprivation and
in vitro and in vivo, of human melanoma cells driven by the RAS
represent a starting point for developing combination therapie
the ATG1/ULK1 kinase and the type III phosphoinositide

3-kinase (PIK3C3)/VPS34 kinase complex, and the elongation

step the ATG8/LC3- and ATG12-conjugation systems (Levine

and Kroemer, 2008; Nakatogawa et al., 2009). A key regulator

of the nucleation of the isolation membrane is the mTOR

complex 1 (mTORC1) signaling pathway. Under nutrient-rich

conditions, mTORC1 suppresses autophagy by inhibiting, in

a poorly understood fashion, the ATG1/ULK1 kinase complex

(Hosokawa et al., 2009; Jung et al., 2009). The mTORC1 pathway

is sensitive to amino acid levels (Hara et al., 1998), and amino

acid deprivation activates autophagy (Mortimore and Schworer,

1977; Schworer et al., 1981). How amino acids activate mTORC1

is not well understood, but recent work has revealed an essential

role for the amino acid-stimulated translocation of mTORC1 to

the lysosomal surface (Sancak et al., 2008; Sancak et al., 2010).

Cells can differ in which amino acids they require for survival,

and oncogenic transformation may make them liable to the defi-

ciency of a particular amino acid. For example, human fibro-

blasts with activated c-MYC depend on glutamine (Yuneva

et al., 2007), lymphoblastic leukemia cells require tryptophan,
herapies are needed. Autophagy is a cytoprotective mecha-
nditions and is a potential target for anticancer therapies.
alone has so far had relatively modest antitumor effects.

autophagy inhibition induces the caspase-dependent death,
-MEK pathway, but not of nontransformed cells. The results
s involving autophagy inhibitors to target melanoma.

Cancer Cell 19, 613–628, May 17, 2011 ª2011 Elsevier Inc. 613



H
E

K
-2

93
T

Caspase-3

Cleaved 
Caspase-3

A
-2

05
8

Caspase-3

Cleaved 
Caspase-3

Protein mass Apoptosis Protein mass Apoptosis

Protein mass Apoptosis

0
20
40
60
80

100
120

0

20

40

60

80

100

0
20
40
60
80

100
120

0

20

40

60

80

100

P
ro

te
in

 m
as

s 
(%

 O
D

60
0)

P
ro

te
in

 m
as

s 
(%

 O
D

60
0)

       A
poptosis

(%
 c.caspase-3)

C F

C
tr
l

A
drH I K L M Q R T V W Y

C FC
tr
l

A
dr

H I K L M Q R T V W Y

      A
poptosis

(%
 c.caspase-3)

C F

C
tr
l

A
drH I K L M Q R T V W Y

M
el

-S
T

M
K

Caspase-3

Cleaved 
Caspase-3

M
el

-S
T

R

Caspase-3

Cleaved 
Caspase-3

M
el

-S
T

Caspase-3

Cleaved 
Caspase-3

      A
poptosis

(%
 c.caspase-3)

      A
poptosis

(%
 c.caspase-3)

      A
poptosis

(%
 c.caspase-3)

C FC
tr
l

A
dr

H I K L M Q R T V W Y

C FC
tr
l

A
dr

H I K L M Q R T V W Y

C FC
tr
l

A
dr

H I K L M Q R T V W Y

C FC
tr
l

A
dr

H I K L M Q R T V W Y

0
20
40
60
80

100
120

0

20

40

60

80

100

0
20
40
60
80

100
120

0

20

40

60

80

100

0
20
40
60
80

100
120

0

20

40

60

80

100

C F

C
tr
l

A
drH I K L M Q R T V W Y

C F

C
tr
l

A
drH I K L M Q R T V W Y

P
ro

te
in

 m
as

s 
(%

 O
D

60
0)

      A
poptosis

(%
 c.caspase-3)

      A
poptosis

(%
 c.caspase-3)S

K
-M

E
L-

5

Caspase-3

Cleaved 
Caspase-3

S
K

-M
E

L-
3

Caspase-3

Cleaved 
Caspase-3

S
K

-M
E

L-
28

Caspase-3

Cleaved 
Caspase-3

C FC
tr
l

A
dr

H I K L M Q R T V W Y

C F

C
tr
l

A
drH I K L M Q R T V W Y

0
20
40
60
80

100
120

0

20

40

60

80

100

0
20
40
60
80

100
120

0

20

40

60

80

100

0
20
40
60
80

100
120

0

20

40

60

80

100

      A
poptosis

(%
 c.caspase-3)

C F

C
tr
l

A
drH I K L M Q R T V W Y

C FC
tr
l

A
dr

H I K L M Q R T V W Y

C FC
tr
l

A
dr

H I K L M Q R T V W Y

A
-2

05
8

S
K

-M
E

L-
5

6

A B

D

E

C

C F

C
tr
l

A
drH I K L M Q R T V W Y

C F

C
tr
l

A
drH I K L M Q R T V W Y

P
ro

te
in

 m
as

s 
(%

 O
D

60
0)

P
ro

te
in

 m
as

s 
(%

 O
D

60
0)

P
ro

te
in

 m
as

s 
(%

 O
D

60
0)

P
ro

te
in

 m
as

s 
(%

 O
D

60
0)

P
ro

te
in

 m
as

s 
(%

 O
D

60
0)

M
el

-S
T

M
el

-S
T

M
K

C
e

ll 
n

u
m

b
e

r 
(x

1
0

  
)

6

Annexin-V-Fluorescein

- Leucine

A
-2

05
8

M
el

-S
T

M
K

1 2 3 4
0

1

2

3

4  Control media

- EAA

- Ile

- Leu

1 2 3 4
0

1

2

3

4  Control media

- EAA

- Ile

- Leu

1 2 3 4
0

1

2

3

4 Control media

- His
- Ile

- Leu

- EAA

1 2 3 4
0

1

2

3

4 Control media

- His

- Ile

- Leu

- EAA

C
e

ll 
n

u
m

b
e

r 
(x

1
0

  
)6

Days

C
e

ll 
n

u
m

b
e

r 
(x

1
0

  
)

C
e

ll 
n

u
m

b
e

r 
(x

1
0

  
)

6

Days

Days Days

P
ro

pi
di

um
 io

di
de

Day 0 Day 1 Day 2 Day 3

0.104

0.026*

0.001

0.051

0.001

*

*

< 0.001

< 0.001

*

*

*
0.036

0.008

*

*

0.009

Figure 1. Leucine Deprivation Induces Apoptosis in Human Melanoma Cells

(A–C) Survey of patient-derived melanoma cells (A), immortalized human melanocytes and the nonmelanocyte-derived line (B), and transformed melanocytes (C).

Immunoblot analyses for intact and cleaved caspase-3 of indicated cell lines following a 48-hr deprivation for individual essential amino acids. Bar graphs indicate
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methionine, and valine (Gong et al., 2000; Kreis et al., 1980; Oh-

tawa et al., 1998; Woolley et al., 1974), and several types of solid

tumor cells require arginine (Scott et al., 2000). However, in most

cases the cellular underpinnings behind the particular amino

acid requirements of a cancer cell type are largely unknown,

making it difficult to exploit such information to implement anti-

cancer therapeutics. Here, we investigated which essential

amino acids are necessary for the survival of human melanoma

cells and identified an oncogenic-signaling pathway that deter-

mines their sensitivity to leucine deprivation.
RESULTS

Leucine Deprivation Triggers the Apoptotic Cell Death
of Human Melanoma Cells
We examined the survival of four patient-derived melanoma cell

lines (A-2058, SK-MEL-3, SK-MEL-5, SK-MEL-28) as well as the

nontransformed but immortalized human Mel-ST melanocyte

line (Figures 1A and 1B). We used the cleavage of caspase-3

as a readout for the caspase-dependent apoptosis (Galluzzi

et al., 2009; Kroemer et al., 2009; Taylor et al., 2008). Cas-

pase-3 cleaves an array of apoptosis-related proteins, including

PARP (see Figure S1A available online).

Cells were deprived, one amino acid at a time, of the 13 amino

acids that are considered universally (F, I, K, L, M, T, V, W) or

conditionally (C, H, Q, R, Y) essential in humans (Berg et al.,

2007; Eagle, 1959). We deprived the melanoma cells of only

essential amino acids because the cell lines could have differing

capacities to synthesize nonessential amino acids, which would

greatly confound the interpretation of the results. Unsurprisingly,

upon the deprivation of any single essential amino acid, all cell

lines halted proliferating and had a concomitant decrease in

cyclin D1 levelsandproteinmass (Figures1Aand 1B;FigureS1A).

In contrast the melanoma cell lines differed in which particular set

of amino acids, when individually omitted from the media, trigger

the cleavage of caspase-3 (Figure 1A). Interestingly, in all the

melanoma lines, the only constant was that leucine deprivation

triggered cleavage of caspase-3 and the corresponding cas-

pase-dependent cleavage of PARP (Figure S1A). However,

leucine deprivation did not induce caspase-3 cleavage in non-

transformed Mel-ST melanocytes or nonmelanocyte-derived

HEK293T cells (Figure 1B). The DNA-damaging agent Adriamycin

did induce caspase-3 cleavage in these latter two lines, like in the

patient-derived melanoma cells (Figures 1A and 1B).

Consistent with the caspase-3 cleavage results, an Annexin-V

assay (Galluzzi et al., 2009; Kroemer et al., 2009) revealed, upon

leucine deprivation, a time-dependent increase in phosphatidyl-

serine (PS) on the outer leaflet of the plasma membrane of

A-2058 cells (Figure 1D). The increase in Annexin-V staining

preceded the eventual loss of plasma membrane integrity, which
relative changes in protein mass (a readout for cell growth and proliferation) and pe

lines indicate 10% activation of caspase-3. Ctrl, control RPMI-1640 media; C-F-H

letter code for amino acid); Adr, Adriamycin at 2 mg/ml.

(D) Annexin-V assay for apoptosis induction. FL1; Annexin-V-Fluorescein, FL2; P

(E) Cell survival assay. Cells were deprived of all essential amino acids (�EAA), h

control RPMI-1640 media, and changes in cell number were measured at indica

values that are significantly different from controls.

See also Figure S1.
was detected by an increase in propidium iodide staining at the

later time points (Figure 1D).

Hyperactivation of the RAS-MEK Pathway Renders
Melanocytes Dependent on Leucine for Survival
Because all the melanoma lines in our study have activating

mutations in the RAS-MAPK pathway (COSMIC database, Well-

come Trust Sanger Institute) (Bamford et al., 2004), we asked if

Ras pathway hyperactivation could confer on melanocytes the

capacity to induce caspase-3 activation upon leucine depriva-

tion. Indeed, Mel-STR cells, an engineered melanoma line

generated by transforming Mel-ST melanocyte with oncogenic

RAS-G12V (Gupta et al., 2005), very strongly induced caspase-

3 cleavage when deprived of leucine (Figure 1C). Mel-STMK

cells, which are Mel-ST cells expressing an activated allele of

MEK1 (MEK1-Q56P) (Bottorff et al., 1995; Marks et al., 2008),

behaved very similarly to Mel-STR cells in the caspase-3

cleavage assay and to A-2058 cells in the Annexin-V assay

(Figures 1C and 1D). These data support the notion that the

RAS-MEK pathway is responsible for the sensitivity of melano-

cytes to leucine deprivation. Consistent with this interpretation,

U-0126 (a small molecule inhibitor of MEK1/2) (Davies et al.,

2000; Favata et al., 1998), but not KT5720 (an inhibitor of PKA),

prevented the cleavage of caspase-3 in Mel-STR cells deprived

of leucine (Figure S1B).

Of the several components of the RAS-MAPK pathway found

mutated in human cancers, BRAF is a critical oncogene in mela-

noma. Of disease cases, 50%–70% have activating mutations in

it (Garnett and Marais, 2004; Gray-Schopfer et al., 2007), and all

the patient-derived melanoma lines in our survey carry a mutant

allele of BRAF (Bamford et al., 2004). Therefore, we asked if

expression of oncogenic BRAF-V600E, the most common

BRAF mutant allele found in melanoma (Davies et al., 2002),

mimics the effects of RAS-G12V and MEK1-Q56P in sensitizing

melanocytes to apoptosis upon leucine deprivation. Indeed,

expression of BRAF-V600E as well as BRAF-D3-V600E, a variant

that cannot interact with CRAF (Karreth et al., 2009), promoted

the cleavage of caspase-3 upon leucine withdrawal (Figure S1C).

Expression of wild-type BRAF or the BRAF-D3 variant without

the V600E mutation did not have the same effects (Figure S1C).

Together, these results support a key role for the RAS-BRAF-

MEK1 signaling axis in determining the liability of the cells to

leucine deprivation.

We also determined the capacity of cells to resume prolifera-

tion upon reseeding equal number of cells at �80% cell conflu-

ency into complete media after being deprived of leucine, isoleu-

cine, or all amino acids. Mel-STMK, A-2058, and SK-MEL-5, but

not Mel-ST, cells deprived of leucine failed to show proliferation

when reseeded (Figure 1E). Just changing the media into

complete media without reseeding also showed concordant

results with those in which cells were reseeded, which excludes
rcent activation of caspase-3 (ratio of cleaved to full-length caspase-3). Dotted

-I-K-L-M-Q-R-T-V-W-Y, deprivation of the indicated single amino acid (single-

ropidium Iodide, UR; upper-right quadrant, LR; lower-right quadrant.

istidine (�His), isoleucine (�Ile), or leucine (�Leu) for 2 days and reseeded into

ted time points. Data are represented as mean ± SD, and asterisk (*) indicates
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Figure 2. Activation of Caspase Cascade through the Mitochondrial Apoptotic Pathway Is Necessary for Leucine Deprivation-Induced Death

(A) Micrographs showing morphological changes following deprivations of all essential amino acids (�EAA), isoleucine, or leucine in the presence or absence of

20 mM Q-VD-OPH. Scale bar, 100 mm.

(B) Immunoblot analyses showing the dose-dependent inhibitory effect of increasing concentrations of Q-VD-OPH (0, 5, 20, and 100 mM) on caspase-mediated

processes.

(C) Cell survival assay. Cells were deprived of leucine (�Leu) for 2 days in the presence or absence of pan-caspase inhibitors, 20 mM Q-VD-OPH, or 100 mM

Z-VAD-fmk.

(D) Flow cytometric analyses showing changes in MOMP using JC-1 dye. FL1, green fluorescence of J-monomer; FL2, red fluorescence of J-aggregates.

(E) Immunoblot analyses show the effect of Bcl-xL expression on caspase-3 activation upon leucine deprivation.
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the possibility of a change in plating efficiency accounting for the

results observed (Figure S1D). In contrast to the results observed

with leucine deprivation, all cell lines deprived of isoleucine or all

essential amino acids successfully resumed proliferation (Fig-

ure 1E). In SK-MEL-5 and A-2058 cells deprived of histidine,

the extent of cell survival inversely correlated with that of cas-

pase-3 cleavage (Figures 1A and 1E).

Caspase Activity Regulated by the Mitochondrial
Apoptotic Pathway Is Necessary for Cell Death Caused
by Leucine Deprivation
To investigate if the apoptotic caspases are required for leucine

deprivation to trigger cell death, we used the pan-caspase inhib-

itors Q-VD-OPH (Caserta et al., 2003; Chauvier et al., 2007) and

Z-VAD-fmk (Slee et al., 1996). Q-VD-OPH inhibits a spectrum of

caspases with high specificity, whereas Z-VAD-fmk may also

inhibit other types of proteases, including calpains and lyso-

somal cathepsins (Caserta et al., 2003; Chauvier et al., 2007;

Kroemer et al., 2009). Q-VD-OPH inhibited the morphological

changes characteristic of apoptosing cells, as well the cas-

pase-dependent cleavage of PARP in cells deprived of leucine

(Figures 2A and 2B). Critically, Q-VD-OPH and Z-VAD-fmk

greatly increased the survival of melanoma cells deprived of

leucine (Figure 2C). Because Q-VD-OPH did not completely

rescue cells from cell death induced by leucine deprivation, it

is possible that other mechanisms in addition to caspase-depen-

dent apoptosis may also contribute to the death of the cells.

The caspase inhibitor experiments also hinted at how leucine

deprivation activates the caspase cascade. Not only did Q-VD-

OPH inhibit the cleavage of PARP, a known substrate of cas-

pase-3, but also the self-cleavage at Asp-315 of caspase-9. As

an initiator caspase of the mitochondrial pathway, caspase-9

regulates executioner caspases, including caspase-3 (Fig-

ure 2B). Consistent with this finding, leucine deprivation

increased the mitochondrial outer membrane permeabilization

(MOMP) of A-2058 and Mel-STMK, but not Mel-ST, cells (Figures

2D and 2F). To determine if the increase in MOMP is necessary

for the cell death caused by leucine deprivation, we established

A-2058 cells overexpressing Bcl-xL (Figure 2E). In contrast to the

parental line, Bcl-xL-overexpressing cells did not increase

MOMP or trigger cleavage of caspase-3 when deprived of

leucine (Figures 2E and 2F). The decrease in caspase-3 activa-

tion in Bcl-xL-overexpressing cells under no leucine conditions

directly correlated with an increase in their survival (Figure 2G).

These results support an important role for the mitochondrial

apoptotic pathway in triggering cell death upon leucine

deprivation.

Leucine Deprivation Does Not Activate Autophagy
in Melanocyte-Derived Cells with Constitutively Active
RAS-MEK Signaling
To investigate why the deprivation of leucine, but not other

essential amino acids, is a universal inducer of apoptosis in

melanoma cells, we examined the effects of leucine deprivation

and RAS signaling on autophagy activity. It is increasingly appre-

ciated that autophagy is critical for cells to survive nutrient depri-
(F) Flow cytometric analyses showing changes in MOMP.

(G) Cell survival assay. Data are represented as mean ± SD, and asterisk (*) indic
vation and that amino acids are major regulators of this process

(Klionsky, 2007; Levine and Kroemer, 2008).

We used a fluorescent protein-tagged LC3 reporter to quanti-

tate autophagy activity. This dual-color DsRed-LC3-GFP

reporter is a modified form of the classical GFP-tagged LC3

reporter (Kabeya et al., 2000), and provides two readouts for au-

tophagy activity: the number of DsRed-LC3 puncta, and a flow

cytometric measurement we call the autophagy index. Like

previous results obtained using a GFP-LC3 reporter (Kabeya

et al., 2000), our reporter showed an increase in the number of

DsRed-LC3 puncta upon a phosphate-buffered saline (PBS)

incubation or amino acid deprivation (Figure 3). The reporter

has GFP separated from the C terminus of LC3 by a recognition

site for the autophagic protease, ATG4, and loss of GFP fluores-

cence can be monitored by flow cytometry (see Figure S2 for

details). As expected, deletion of the ATG4 recognition

sequence abrogated the sensitivity of the reporter to low nutrient

conditions (Figures S2C–S2E). In comparison to the control

media condition, deprivation of all amino acids significantly

decreased the levels of the full-length DsRed-LC3-GFP reporter

as detected by immunoblotting (Figure S2B). To represent

results obtained by flow cytometry, we introduced an autophagy

index, which normalizes the change in GFP fluorescence to that

in DsRed-LC3 fluorescence (see Experimental Procedures and

Figure S2). With the autophagy index, potential changes in the

synthesis of the reporter following amino acid deprivations can

be normalized. Importantly, our autophagy index tightly corre-

lated with the number of DsRed-LC3 puncta, an established

measure of autophagy (Figures 3A–3D; Figure S2).

Mel-ST cells displayed a steady-state level of autophagic

activity, with an�40% autophagy index when growing in control

media. As expected, the autophagy index increased (to 70%–

80%) following deprivation of all amino acids or most single

amino acids. In contrast, leucine deprivation failed to signifi-

cantly activate autophagy (Figures 3A–3C). Immunoblot anal-

yses also showed that deprivation of just leucine did not reduce

the level of the full-length DsRed-LC3-GFP reporter, whereas

deprivation of all amino acids or just isoleucine did (Figure S2B),

indicating a defect in the regulation of autophagy upon leucine

deprivation. This difference is unlikely due to a change in protea-

somal activity because deprivation of all amino acids, isoleucine,

or leucine equally affected the levels of Cyclin D1, a short-lived

protein whose turnover is regulated by the ubiquitin-proteasome

pathway (Figures S1A and S2B) (Alao, 2007; Diehl et al., 1997). In

HEK293T cells the capacity of leucine deprivation to induce au-

tophagy was indistinguishable from that of isoleucine, methio-

nine, or all amino acids (Figure 3D). Thus, in a melanocyte-

derived cell line, leucine is exceptional among the amino acids

in that its deprivation does not activate autophagy.

It also quickly became apparent that, compared to the

parental Mel-ST cells, the Mel-STR and Mel-STMK cells have

a significant defect in autophagy upon nutrient withdrawal

(Figures 3E and 3F). In these engineered melanoma cells, PBS

incubation, complete amino acid deprivation, and isoleucine

deprivation activated autophagy to smaller degrees than the

same treatments did in parental Mel-ST cells (Figures 3E and
ates values that are significantly different from controls.
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Figure 3. Deprivation of Leucine Does Not Activate Autophagy in Melanoma Cells with Activated Ras-MEK Signaling

(A) Fluorescent micrographs showing autophagy markers. Control, complete RPMI-1640 media control; �EAA, deprivation of all essential amino acids, �Ile,

deprivation of isoleucine; �Leu, deprivation of leucine. DAPI, cell nuclei; DsRed-LC3, red fluorescence from DsRed-LC3 puncta; GFP, green fluorescence from

the uncleaved DsRed-LC3-GFP reporter; Merge, merged image of DAPI, DsRed, and GFP signals.

(B) Quantitation of DsRed-LC3 puncta. Bar graphs display the mean ± SD of DsRed-LC3 puncta per cell following each type of nutrient starvation. The numbers of

cells examined are indicated.

(C) Flow cytometric analyses of autophagic activity. The bar graphs show mean ± SD of autophagy indexes obtained after deprivation of single essential amino

acids for 24 or 48 hr (n = 3). Dotted lines indicate the autophagy index of cells incubated in control media.

(D) Autophagy index in HEK293T cells following PBS incubation or indicated amino acid deprivations.
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3F). Importantly, upon leucine deprivation, autophagy levels

were even more greatly suppressed in the engineered melanoma

cells, indicating that leucine deprivation has a profound impact

on autophagy in the melanocyte-derived lines with activated

RAS-MEK signaling (Figures 3E and 3F).

Constitutive Activation of MEK Renders the mTORC1
Pathway Resistant to Leucine Deprivation
Because mTORC1 suppresses autophagy (Kamada et al., 2000;

Noda and Ohsumi, 1998) and amino acids activate mTORC1

(Hara et al., 1998), we asked if inappropriate regulation of

mTORC1 might explain why leucine deprivation does not stimu-

late autophagy in cells with activated RAS-MEK signaling. We

monitored mTORC1 activity by measuring the phosphorylation

of S6K1 at Thr-389, a site that mTORC1 directly phosphorylates

(Burnett et al., 1998). In the same cells we also monitored au-

tophagy activity by examining endogenous LC3-I to LC3-II

conversion and the eventual degradation of LC3 (Figure 4A).

Deprivation of all amino acids acutely suppressed mTORC1

and activated autophagy in Mel-ST cells. Mel-STMK cells

behaved similarly except that these cells maintained some

residual mTORC1 activity, even after a long period of essential

amino acid deprivation (Figure 4A). However, the more inter-

esting findings were obtained upon leucine deprivation. In

contrast to all amino acid deprivation, leucine deprivation was

a much poorer inhibitor of mTORC1 and, consequently, inducer

of autophagy (Figure 4A). Strikingly, in Mel-STMK cells, leucine

deprivation barely inhibited mTORC1 activity. Consistent with

the results obtained with the autophagy reporter, leucine depri-

vation did not cause substantial LC3-I to LC3-II conversion or

loss of endogenous LC3 in Mel-STMK cells (Figure 4A).

To further investigate why leucine deprivation fails to suppress

mTORC1 signaling in cells that have constitutively active MEK,

we examined the amino acid-sensitive translocation of mTORC1

to the lysosomal surface (Figures 4B; see Figure S3 for high-

resolution images and quantitation). Recent work indicates that

the key event in amino acid signaling to mTORC1 is the amino

acid-induced movement of mTORC1 to lysosomal membranes,

where it can interact with its activator, Rheb, a small GTPase

(Sancak et al., 2010). Constitutive targeting of mTORC1 to the

lysosomal surface is sufficient to render the mTORC1 pathway

insensitive to amino acid levels (Sancak et al., 2010). As ex-

pected, mTORC1 did not colocalize with the lysosomal marker

LAMP2 in Mel-ST and Mel-STMK cells deprived of all amino

acids for 50 min (Figure 4B). In contrast, in both lines the depri-

vation of just leucine for 50 min did not greatly affect the coloc-

alization of mTORC1 with lysosomes. However, after depriving

the cells of leucine for a longer period of time (4 hr), the two lines

diverged in their behavior: in Mel-ST cells, mTORC1 no longer

colocalized with lysosomes, whereas in Mel-STMK cells

mTORC1 remained lysosome associated (Figure 4B). These

findings are consistent with the RAS-MEK pathway impacting

mTORC1 upstream of the leucine-sensitive machinery that regu-

lates the subcellular localization of mTORC1.
(E) Flow cytometric quantitation of the autophagy activity. ‘‘m’’ marks line indicatin

media.

(F) Bar graphs show mean ± SD of the autophagy index (n = 3), and asterisk (*) i

See also Figure S2.
Inappropriate Activation of the mTORC1 and RAS-MEK
Pathways Confers Sensitivity to Apoptosis upon Leucine
Deprivation
To determine if the failure to suppress the mTORC1 pathway in

melanoma cells with activated RAS-MEK signaling causes cell

death, we examined the effects of small molecule inhibitors of

the signaling pathways. Mel-STR cells treated with rapamycin

or U-0126 not only reactivated autophagy (Figure 5A) but also

suppressed caspase-3 activation (Figure 5B). Moreover, across

several patient-derived melanoma lines, rapamycin and U-0126

were equally effective at suppressing the cleavage of caspase-3

caused by leucine deprivation (Figures 5C–5E). Importantly, the

mTORC1 or MEK inhibitor significantly increased the survival of

leucine-deprived melanoma cells (Figures 5F–5H).

Autophagy Inhibition Mimics Activated RAS-MEK
Signaling in Conferring Sensitivity to Leucine
Deprivation
Upon leucine deprivation, autophagy is more strongly inhibited in

Mel-STR than Mel-ST cells (Figures 3E and 3F). To determine if

this difference is sufficient to confer on Mel-STR cells the

capacity to trigger caspase-3 cleavage upon leucine withdrawal,

we asked if the suppression of autophagy sensitizes, like RAS-

MEK pathway activation, Mel-ST cells to leucine deprivation.

To inhibit autophagy we employed two distinct shRNAs targeting

ATG1 (autophagy related gene 1, also known as ULK1) that

greatly reduce ATG1 protein expression (Figure 5I). ATG1 is an

evolutionarily conserved, Ser/Thr protein kinase that plays an

essential role in the early stages of autophagy (Chan et al.,

2007; Matsuura et al., 1997). Indeed, the knockdown of ATG1

was as effective as the expression of Ras-G12V or MEK1-

Q56P in sensitizing Mel-ST cells to leucine deprivation (Fig-

ure 5J). Similar results were obtained by knocking down

VPS34, the class III PI3K (Figure S4A). These results confirm

that a particular level of autophagy is necessary for cells to

survive essential amino acid deprivation, and suggest that,

when deprived of leucine, melanoma cells with activated RAS-

MEK fall below this threshold.

A Small Molecule Inhibitor of Autophagy Sensitizes
Melanoma Cells to Partial Leucine Deprivation In Vitro
To explore the potential therapeutic implications of the finding

that melanoma cells die upon complete leucine deprivation, we

needed to identify a way to sensitize melanoma cells to partial

leucine deprivation because, to our knowledge, it is currently

not possible to completely deprive, in vivo, cancer cells of extra-

cellular leucine. Because all cells have a basal level of autophagy

that likely contributes to the recycling of essential amino acids,

we reasoned that if we partially suppressed autophagy with

a small molecule inhibitor, the melanoma cells might induce

apoptosis even if some leucine remained in the extracellular

environment.

The feasibility of this idea was investigated using chloroquine,

a small molecule inhibitor of autophagy. Chloroquine is
g median fluorescence intensity of FL1 (GFP fluorescence) in cells in the control

ndicates values that are significantly different from controls.
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Figure 4. Deregulated Activation of the mTORC1 Pathway by Constitutively Active MEK Correlates with the Inappropriate Localization of

mTOR to the Lysosomal Surface

(A) Immunoblot analyses showing time-dependent changes in mTORC1 and autophagy activity in indicated cell types following deprivation for all essential amino

acids or leucine.

(B) Immunofluorescence analyses showing mTOR localization upon the deprivation of all essential amino acids (�EAA) or leucine (�Leu). Cells were deprived of

indicated amino acids for short (50 min) or long (4 hr) periods of time, and refed with the amino acids for 10 min before processing for coimmunostaining for mTOR

(red) and LAMP2 (green), and imaging. In all images, insets show selected fields that were magnified five times and their overlay. Scale bar, 10 mm.

See also Figure S3.
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a lysosomotropic drug that inhibits the late stages of the autoph-

agy pathway (Boya et al., 2005) and is currently in many clinical

trials as an anticancer agent (http://www.clinicaltrials.gov). As

expected, in A-2058 cells, chloroquine increased the levels of

p62/SQSTM1/Sequestosome-1 and prevented loss of LC3-II

(Figure S5A). By directly binding to LC3, p62 is incorporated

onto autophagosomes and degraded (Bjorkoy et al., 2005) so

that the level of p62 inversely correlates with autophagic activity

(Mizushima et al., 2010).

To answer if chloroquine can induce apoptosis of melanoma

cells upon a partial depletion of leucine, we first determined

the greatest concentration of extracellular leucine that is still

low enough to trigger apoptosis of the melanoma cells in culture

(Figures 5K and 5L). We examined a range of leucine concentra-

tions: 380 mM (the concentration of leucine in RPMI media);

120 mM (approximately the plasma leucine concentration of

mice fed a normal diet); and 60 mM (approximately the plasma

leucine concentration of mice fed an isocaloric, leucine-free

synthetic diet; Anthony et al. [2004]). In the absence of chloro-

quine, only an extracellular leucine concentration of 30 mM or

below was able to activate caspase-3 cleavage (Figures 5K

and 5L). In contrast, when also treated with a moderate amount

of chloroquine, A-2058 and Mel-STR cells triggered caspase-3

activation, even when cultured in media containing 60 mM

leucine (Figures 5K and 5L). When completely deprived of

leucine and treated with chloroquine, Mel-ST cells did cleave

some caspase-3 (Figures 5K), consistent with the results ob-

tained upon the knockdowns of ATG1 and VPS34 (Figures 5J;

Figure S4A). Interestingly, the combination of chloroquine treat-

ment with the deprivation of all amino acids or just methionine

also promoted apoptosis, albeit to a smaller extent than that

caused by chloroquine and leucine deprivation (Figure S4B).

Most importantly, the combination of media containing 60 mM

leucine and chloroquine synergistically decreased the survival

of A-2058 cells (Figure 5M). Collectively, these results demon-

strate that chloroquine-mediated suppression of autophagy

sensitizes melanoma cells to the levels of plasma leucine that

can be achieved by feeding animals a leucine-deficient diet (An-

thony et al., 2004).

Dietary Leucine Deprivation and Autophagy Inhibition
Synergistically Target Melanoma Xenografts In Vivo
To assess the potential of the combination strategy in vivo,

A-2058 cells were injected subcutaneously into immunocompro-

mised mice to establish tumor xenografts. When the tumors

were �100 mm3 in volume, the host animals were fed: (1)

a control diet, which consisted of a leucine-free diet supple-

mented with leucine; (2) an isocaloric leucine-free diet; (3) the

control diet and treated with chloroquine; or (4) the leucine-free

diet and treated with chloroquine (Figure 6). The amount of chlo-

roquine used was 60 mg/kg body weight, which is similar to the

dose employed by others (Amaravadi et al., 2007), and that in our

hands caused no obvious toxicity to the animal. Chloroquine

treatment did inhibit autophagy in vivo because an immunohisto-

chemical assay revealed the expected increase in p62 levels in

the tumors of chloroquine-treated mice (Figure S5B).

On its own, dietary leucine deprivation did not significantly

affect tumor size. In contrast the tumors in the mice treated

with a combination of dietary leucine deprivation and chloro-
quine were significantly smaller than those in mice in the control

groups (Figures 6A and 6B). The inability of a leucine-free diet to

reduce tumor growth on its own likely reflects the fact that

a leucine-free diet decreases plasma leucine levels from �133

to �76 mM (Anthony et al., 2004), which our in vitro results

show is not low enough on its own to induce significant death

of melanoma cells (Figures 5L and 5M).

To determine if the synergistic effects on tumor size of dietary

leucine deprivation and chloroquine treatment reflect the

increased death of the melanoma cells, we stained the tumor

sections with an in situ TUNEL assay (Figures 6C–6E). Analogous

to the results in culture (Figures 5L and 5M), the combination

treatment had a strong pro-death effect in vivo, so that extensive

TUNEL-positive staining was observed in nearly all areas of the

tumors (Figure 6C). Only cells in the outer shell of the tumors

and in the immediate vicinity to the microcapillaries appeared

to be spared (Figures 6D and 6E). This pattern of survival likely

reflects that melanoma cells in cuffs surrounding the tumor

vessels have access to greater amounts of leucine than cells

farther away from the blood supply. Dietary leucine deprivation

alone showed a significant, but less effective, induction of death

of the melanoma cells in vivo, and chloroquine treatment alone

promoted the death of the cells in only a few isolated areas of

the tumor (Figures 6C and 6D).

Immunohistochemical analyses of the tumors with a site-

specific (D175) cleaved caspase-3 antibody revealed that, like

in vitro, partial leucine deprivation in combination with chloro-

quine treatment caused caspase-3 cleavage in vivo (Figures

7A and 7B). The cleaved caspase-3 signal was highest at the

border between the viable cuffs surrounding capillaries and the

large areas of strongly TUNEL-positive dead cells (Figure 7B).

This pattern suggests that caspases likely initiate cell death,

but as the apoptotic program progresses, the amount of cleaved

caspase-3 drops, whereas the DNA fragments in the apoptotic

bodies persist.

Most of the live cells within the tumors stained for the human-

specific melanocyte marker, Melan-A, except for the murine

endothelial cells of the capillaries and a thin layer of cells on

the tumor surfaces (Figures 7A; Figure S5C). These Melan-A-

negative murine cells did not stain for cleaved caspase-3, indi-

cating that the combination of dietary leucine deprivation and

chloroquine treatment did not affect the nontransformed cells

of the tumors (Figure S5C).

DISCUSSION

There is mounting interest in the roles nutrient-sensing and

metabolic pathways play in tumorigenesis and in the potential

of these pathways to harbor targets for cancer therapies.

Autophagy, for example, is increasingly recognized as important

for eukaryotic cells and organisms to survive periods of nutrient

withdrawal (Boya et al., 2005; Degenhardt et al., 2006; Kuma

et al., 2004), and small molecule inhibitors of autophagy, such

as chloroquine, are of interest for anticancer uses (reviewed in

Rubinsztein et al., 2007).

In examining how cancer cells respond to deprivation of single

essential amino acids, we made the observation that the depri-

vation of leucine, but not other essential amino acids, induces

apoptosis in all the human melanoma lines studied. Substantial
Cancer Cell 19, 613–628, May 17, 2011 ª2011 Elsevier Inc. 621
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Figure 5. The Inhibition of Autophagy Synergizes with Low Leucine Concentrations in Inducing Apoptosis in Melanoma Cells

(A) Bar graphs displaying the autophagy index in the presence or absence of rapamycin (RAPA) or U-0126.

(B–E) Immunoblot analyses for cleavage and activation of caspase-3 and cleavage of PARP.
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evidence suggests that leucine deprivation triggers apoptosis

because, unlike in other cell types, it does not inhibit the

mTORC1 pathway and, thus, does not activate autophagy. In

fact the mTORC1 inhibitor rapamycin—normally thought of as

an anticancer agent—reactivates autophagy in leucine-deprived

melanoma cells and promotes their survival. It is odd that the

mTORC1 pathway is so resistant to leucine withdrawal in mela-

noma cells because this amino acid is a canonical activator of

the pathway, and its deprivation inhibits mTORC1 signaling in

a wide variety of normal and transformed cells (Guertin and Sa-

batini, 2007). Amino acid signaling to mTORC1 is a subject of

intense study, but the amino acid-sensing mechanism remains

a mystery. It is possible that once the mechanism is understood,

it will be found to be different in melanoma cells than in other cell

types. The hyperactivation of the RAS-MAPK pathway that is

a common occurrence in melanoma cells clearly contributes to

the insensitivity of mTORC1 to leucine deprivation. So far, our

work suggests that RAS-MEK signaling perturbs the normally

leucine-sensitive localization of mTORC1 to the lysosomal

surface. Kinases that are part of the MAPK pathway, such ERK

and p90 RSK1, phosphorylate and repress the function of

TSC2, a tumor suppressor that is a negative regulator of

mTORC1 (Inoki et al., 2003; Ma et al., 2005; Roux et al., 2004;

Tee et al., 2003). However, TSC2 does not appear to play a major

role in amino acid signaling to mTORC1 (Byfield et al., 2005;

Nobukuni et al., 2005; Smith et al., 2005), so it is likely that the

MAPK pathway affects the leucine sensitivity of mTORC1 in

melanoma cells through TSC2-independent mechanisms. Inter-

estingly, the RAS pathway negatively regulates autophagy in

budding yeast and in flies, but it is unclear if the TORC1 pathway

is involved in autophagy repression in these organisms (Berry

and Baehrecke, 2007; Budovskaya et al., 2004).

Autophagy inhibition alone did not trigger apoptosis in mela-

noma cells in vitro, and chloroquine treatment failed to show

antitumor effects in mice fed a control diet in vivo. This is likely

because most cells inside tumors have access to more than

the minimal level of extracellular leucine required for survival.

On the other hand, in animals fed a leucine-free diet, the inhibi-

tion of autophagy likely results in little leucine being liberated

from internal sources so that cellular levels of this essential

amino acid may fall below the threshold needed for survival. To

implement this combination strategy in the current study, we

used chloroquine to inhibit autophagy. However, one caveat of

chloroquine is that as a lysosomotropic compound it may not

only inhibit the autophagic process but also non-autophagy

related functions of lysosomes. Inhibitors to proteins essential

for autophagy, such as the protease, ATG4, and the kinases,

ATG1/ULK1 and VPS34, are likely to be developed in the future.

Using RNAi, we have shown that ATG1 and VPS34 are important
(F–H) Cell survival assay.

(I) Immunoblot analyses showing validation of shRNA-mediated knockdowns of

(J) Knockdown of ATG1 mimics effects of expressing Ras-G12V or MEK1-Q56P

(K) Immunoblots show cleavage of caspase-3 and PARP in cells incubated with

(L) Chloroquine (CQ) sensitizes A-2058 melanoma cells to partial leucine deprivatio

to leucine concentration in media with or without chloroquine.

(M) Percent survival of A-2058 cells cultured under indicated conditions for 2 days

significantly different from controls.

See also Figure S4.
for determining the sensitivity of melanoma cells to leucine

deprivation.

To deprive the melanoma xenografts of leucine, we fed mice

a leucine-free diet that is known to reduce the plasma-leucine

concentration in rodents and humans without greatly affecting

blood insulin levels (Anthony et al., 2004; Guo and Cavener,

2007; Hambraeus et al., 1976). A leucine-free diet is unlikely to

be the ideal approach to deprive tumors of leucine in a clinical

setting. In the future it may be possible to deliver, intravenously,

enzymes that specifically degrade leucine or small molecule

inhibitors of leucine uptake. As a model for the former, asparagi-

nase (L-asparagine amidohydrolase) is an FDA-approved

enzyme that hydrolyzes asparagine to aspartic acid and is

a successful therapy for acute lymphocytic leukemia (ALL).

Enzymes in the leucine catabolic pathway, such as branched

chain aminotransferase (BCAT) (Berg et al., 2007), could be

used in an analogous way if their substrate specificity could be

engineered to be limited to leucine (Conway et al., 2003; Onuffer

and Kirsch, 1995). There appear to be many transporters that

mediate leucine uptake as well (Broer, 2008), and some of the

better-characterized ones, such as LAT1, may be druggable.

Alternatively, the easiest strategy to obtain synergistic effects

with autophagy inhibition and nutrient deprivation on tumor cell

survival may be to coadminister a drug that can deprive tumor

cells of many nutrients, such as an angiogenesis blocker, along

with a specific autophagy inhibitor. Our finding that in the pres-

ence of an autophagy inhibitor, melanoma cells trigger the acti-

vation of caspase-3 when deprived not only of leucine but also of

all essential amino acids, supports the feasibility of this idea.
EXPERIMENTAL PROCEDURES

Materials

Reagents were obtained from the following sources: Adriamycin, Rapamycin,

and U-0126 from Calbiochem and LC Laboratories; cell culture grade pure

amino acids, glucose, and chloroquine from Sigma; JC-1 dye from Invitrogen;

immunohistochemistry kits from Vector Laboratories and Dako; cDNA clones

for MEK1, ATG1, and LC3 from Open Biosystems; cDNA clone for H-RAS-

G12V from the Laboratory of Dr. Robert Weinberg (Whitehead Institute);

cDNA clones for BRAF-WT, BRAF-D3, BRAF-V600E, and BRAF-D3-V600E

from Dr. David Tuveson (Cancer Research UK) (Karreth et al., 2009); lentiviral

shRNA constructs from The RNAi Consortium (TRC) (Broad Institute); anti-

bodies to SQSTM1/p62 from American Research Products; antibodies to

ATG1/ULK1, Bcl-xL, caspase-3, cyclin D1, LC3, Melan-A, PARP, phospho-

T202/Y204-ERK, ERK, phopho-T389 S6K1, S6K1, VPS34, as well as HRP-

conjugated anti-mouse, anti-rabbit secondary antibodies from Santa Cruz

Biotechnology Inc., and Cell Signaling Technology.

Cell Lines and Tissue Culture

Cell lines were obtained from the American Type Culture Collection. Cell culture

mediapowder and sera were purchased from the followingsources: Dulbecco’s
ATG1.

in sensitizing Mel-ST cells to caspase-3 activation upon leucine deprivation.

decreasing amounts of leucine in the presence or absence of chloroquine.

n. Immunoblots show and graph quantitates activation of caspase-3 in relation

. Data are represented as mean ± SD, and asterisk (*) indicates values that are
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Figure 6. Synergistic Inhibition of Melanoma Tumor Growth in Mice Deprived of Dietary Leucine and Treated with an Autophagy Inhibitor

(A) Photographs of excised tumor xenografts following feeding for 14 days with an isocaloric control diet with added leucine (Control diet), control diet plus

chloroquine (+CQ), leucine-free diet (�Leucine diet), or leucine-free diet plus chloroquine (�Leucine diet +CQ).

(B) Column scatter dot graph displays the mean ± SEM volume of the tumors. Asterisk (*) indicates volumes that are significantly different from controls. Note that

the tumor that is third from the right in the�Leucine diet +CQ group had a flattened disc shape rather than the spherical shape of the large tumors obtained in the

other groups. Thus, it appears deceptively large in the photograph.

(C) In situ TUNEL assay. H+E, representative micrograph images of tumor sections stained with hematoxylin and eosin; TUNEL, representative images of tumor

sections processed in the TUNEL assay; TUNEL+H, representative images of TUNEL results counterstained with hematoxylin. Scale bar, 3 mm.

(D) Representative high-magnification micrographs of tumor sections showing TUNEL-positive, apoptotic regions. Scale bar, 100 mm.

(E) Apoptosis of the melanoma cells inside tumors correlates with the distance from tumor capillaries, and inhibition of autophagy significantly shrinks the viable

cuffs surrounding tumor capillaries. Micrographs show corresponding high and low-magnification images of tumor sections with capillaries indicated (with

arrows) and TUNEL-positive, apoptotic regions. Scale bar, 100 mm.
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Figure 7. Combination of Dietary Leucine Deprivation and Autophagy Inhibition Induces Activation of Caspase-3 in Melanoma Tumors

In Vivo

(A) Immunohistochemical analyses showing caspase-3 cleavage in vivo. H+E, images of tumor sections stained with hematoxylin and eosin where capillaries are

denoted with arrows; TUNEL, images of tumor sections processed for the TUNEL assay; D175 cleaved Caspase-3, images of tumor sections stained for active

caspase-3 with the anti-Asp-175 site-specific cleaved caspase-3 antibody; D175 cleaved Caspase-3 + blocking peptide, images of tumor sections stained for

active caspase-3 with the anti-Asp-175 site-specific cleaved caspase-3 antibody that was preincubated with the epitope-blocking peptide; Melan A, images of

tumor sections stained with anti-Melan A, a human melanocyte-specific marker, antibodies. Scale bar, 100 mm.

(B) Representative high-magnification micrographs of tumor tissues showing geographic correlation between the TUNEL-positive signals and the D175 cleaved

caspase-3 positive signals where capillaries are denoted with arrows. Scale bar, 100 mm.

See also Figure S5.
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MEM (DMEM), RPMI-1640, fetal bovine serum (FBS), dialyzed fetal bovine

serum (dFBS), heat-inactivated fetal bovine serum (IFS) from Invitrogen;

amino acid-free, glucose-free RPMI-1640 from US Biological, Inc. Cells were

cultured in the following media: HEK293T cells in DMEM with 10% IFS;

A-2058, SK-MEL-3, SK-MEL-5, SK-MEL-28, Mel-ST, and Mel-ST-derivatives

in DMEM with 10% FBS. For survival assay we treated cells with 20 mM

Q-VD-OPH or 100 mM Z-VAD-fmk when depriving cells of essential amino acids.
Essential Amino Acid-Deprivation Protocol

To produce cell culture media deficient of single essential amino acids, we re-

constituted the amino acid-free, glucose-free RPMI-1640 media by supple-

menting it with glucose and individual amino acids except the amino acid to

be omitted. Cells were plated in the complete culture media 1 day prior to

the amino acid-deprivation experiments so that the plated cells reached

�80% of confluency at the day of experiment. To deprive cells of single amino
Cancer Cell 19, 613–628, May 17, 2011 ª2011 Elsevier Inc. 625
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acids, we replaced culture media twice with target amino acid-free RPMI-1640

media and incubated cells until sampling for analysis.

Autophagy Assay Using the DsRed-LC3-GFP Reporter

To develop a dual-color autophagy reporter, we inserted rat LC3 (also known

as ATG8) cDNA in between the cDNAs for DsRed and EGFP so that the DsRed

protein is fused with N terminus of LC3 protein and C terminus of the protein is

connected to EGFP. When indicated, we introduced a deletion of five amino

acids (TALAV) at the ATG4-recognition site near C terminus of LC3 to make

a chimeric protein resistant to ATG4-mediated cleavage. To produce stable

cell lines continuously reporting autophagy activity, recombinant retroviruses

expressing the DsRed-LC3-GFP reporter were generated and used to infect

target cells. The autophagy index is a measure of the relative change in median

fluorescence intensity of GFP to that of DsRed and was calculated with the

formula: autophagy index = 100 � (100 3 (FL1/FL2)), where FL1 is Fluores-

cence 1 (the median fluorescence intensity of GFP fluorescence), and FL2 is

Fluorescence 2 (the median fluorescence intensity of DsRed fluorescence).

See Figure S2 for details on the development and validation of the autophagy

reporter.

Flow Cytometric Analyses

Analysis of apoptosis induction using Annexin-V-fluorescein was carried out

according to the assay kit manufacturer’s instructions (Roche). Briefly,

cultured cells were harvested and washed once in PBS, then incubated with

the Ready-to-Use solution of Annexin-V-Fluorescein in a HEPES buffer con-

taining Propidium Iodide. Samples were analyzed using a flow cytometer.

Changes in MOMP were measured using the MOMP-sensitive cationic JC-1

dye according to the supplier’s instruction (Roche). JC-1 exhibits membrane

potential-dependent accumulation in mitochondria, indicated by a fluores-

cence emission shift from green (monomeric form in cytosol) to red (aggre-

gates in mitochondria). Briefly, cultured cells were stained with 2 mM JC-1

for 15 min at the growth condition, washed with PBS, and analyzed using

flow cytometry. When necessary, the concentration of JC-1 was optimized

for different cell types using oligomycin as a control.

Immunofluorescence Assay

Mel-ST and Mel-STMK cells were plated on fibronectin-coated glass cover-

slips in 12-well tissue culture plates. Twenty-four hours later, the slides were

rinsed with PBS once and fixed for 15 min with 4% paraformaldehyde in

PBS warmed to 37�C. The slides were rinsed twice with PBS, and cells were

permeabilized with 0.05% Triton X-100 in PBS for 5 min. After rinsing twice

with PBS, the slides were incubated with primary antibodies for 2 hr at room

temperature, rinsed four times with PBS, and incubated with secondary anti-

bodies (1:400 in 5% normal donkey serum) for 1 hr at room temperature in

the dark, washed four times with PBS. Slides were finally mounted on glass

coverslips using VECTASHIELD (Vector Laboratories), and images were

collected and analyzed on a PerkinElmer spinning disk confocal microscopy

system.

Human Xenograft Tumor Model and Dietary Leucine Deprivation

Immunodeficient mice (NCR nude, nu/nu; Taconic Laboratories) were main-

tained in a pathogen-free facility and were given autoclaved food and water

ad libitum, if not otherwise specified. A-2058 melanoma cells were xeno-

grafted into 6-week-old immunodeficient mice. Briefly, 1 3 106 melanoma

cells were resuspended in 200 ml of media and injected subcutaneously in

the upper flank region of mice that had been anesthetized with isoflurane.

Tumors were allowed to grow to �100 mm3 in size, and the mice were then

initiated on the dietary leucine restriction using an isocaloric leucine-free,

synthetic diet alone or along with chloroquine treatment. Both the isocaloric

control diet with added leucine and the leucine-free synthetic diet were ob-

tained from Research Diet, Inc. Based on a series of preliminary experiments,

chloroquine was injected intraperitoneally at 60 mg/kg body weight two times

per week. Tumor volumes were estimated with the formula: volume = (2a3 b)/2,

where a = shortest and b = longest tumor lengths, respectively, in millimeters.

When necessary, animals were sacrificed, and tumors were harvested and

analyzed using standard histology and immunohistochemistry methods.

Animal research protocols were approved by the MIT Committee on Animal

Care, and all experiments were performed according to the official guidelines
626 Cancer Cell 19, 613–628, May 17, 2011 ª2011 Elsevier Inc.
of the MIT Committee on Animal Care and the American Association of Labo-

ratory Animal Care.

Lentiviral shRNA-Mediated RNAi

For the gene knockdown experiments, we obtained lentiviral shRNA

constructs from TRC at the Broad Institute and produced recombinant lentivi-

ruses using a transient transfection protocol. Briefly, we transfected HEK293T

cells with the lentiviral shRNA plasmids and the packaging plasmids

(pdeltaVPR and pVSVG) according to TRC standard protocols and used lenti-

viral supernatants to infect target cells (Moffat et al., 2006).

Statistical Analyses

Experimental results were analyzed with a Student’s t test and graphed using

Prism software (GraphPad Software, Inc.). In vitro data are expressed as

mean ± SD and in vivo data as mean ± SEM. A p value <0.05 was considered

statistically significant.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures

and five figures and can be found with this article online at doi:10.1016/j.ccr.

2011.03.012.
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The mTOR-Regulated Phosphoproteome
RevealsaMechanismofmTORC1-Mediated
Inhibition of Growth Factor Signaling
Peggy P. Hsu,1,2 Seong A. Kang,1 Jonathan Rameseder,3,4 Yi Zhang,5,6 Kathleen A. Ottina,1,7

Daniel Lim,4 Timothy R. Peterson,1,2 Yongmun Choi,5,8 Nathanael S. Gray,5,8 Michael B. Yaffe,2,4

Jarrod A. Marto,5,6,8 David M. Sabatini1,2,4,7*

The mammalian target of rapamycin (mTOR) protein kinase is a master growth promoter that
nucleates two complexes, mTORC1 and mTORC2. Despite the diverse processes controlled by mTOR,
few substrates are known. We defined the mTOR-regulated phosphoproteome by quantitative
mass spectrometry and characterized the primary sequence motif specificity of mTOR using
positional scanning peptide libraries. We found that the phosphorylation response to insulin is
largely mTOR dependent and that mTOR exhibits a unique preference for proline, hydrophobic, and
aromatic residues at the +1 position. The adaptor protein Grb10 was identified as an mTORC1
substrate that mediates the inhibition of phosphoinositide 3-kinase typical of cells lacking tuberous
sclerosis complex 2 (TSC2), a tumor suppressor and negative regulator of mTORC1. Our work
clarifies how mTORC1 inhibits growth factor signaling and opens new areas of investigation
in mTOR biology.

The serine-threonine kinase mammalian
target of rapamycin (mTOR) is a major
controller of growth that is deregulated

in cancer and diabetes (1, 2). mTOR is the cat-
alytic subunit of two multiprotein complexes,
mTORC1 and mTORC2. mTORC1 is activated
by growth factors and nutrients through a path-
way that involves the tuberous sclerosis complex
(TSC1-TSC2) tumor suppressors aswell as theRag
and Rheb guanosine triphosphatases (GTPases).
mTORC1 phosphorylates the translational reg-
ulators S6 kinase 1 (S6K1) and the eukaryotic
translation initiation factor 4E (eIF-4E) binding
proteins (4E-BP1 and 4E-BP2), whereasmTORC2
activates Akt and serum- and glucocorticoid-
regulated kinase 1 (SGK1) and is part of the growth
factor–stimulated phosphoinositide 3-kinase

(PI3K) pathway. Collectively, mTORC1 and
mTORC2 regulate processes that control cell
growth and proliferation, including protein syn-
thesis, autophagy, and metabolism. mTOR in-
hibitors derived from rapamycin, an allosteric
mTORC1 inhibitor, have been in trials for anti-
cancer uses, but the feedback activation of the
PI3K-Akt pathway that occurs with mTORC1
inhibition may lessen their clinical efficacy (3).

The fewmTOR substrates with defined phos-
phorylation sites likely cannot explain all pro-
cesses under the control of mTOR (1, 2) (table S1).
To discover additional substrates, we conducted
a systematic investigation of the mTOR-regulated
phosphoproteome using mass spectrometry and
isobaric tags that permit four-way multiplexed
relative and absolute quantification of phospho-
peptide abundances (iTRAQ) (4). With duplicate
analyses for each, we analyzed phosphopeptides
from two sets of cells in which the pathway was
hyperactivated and then inhibited with Torin1, a
recently developed adenosine 5′-triphosphate
(ATP)–competitive mTOR kinase domain inhib-
itor that blocks all known phosphorylations down-
stream of mTORC1 and mTORC2 (5). Human
embryonic kidney (HEK)-293Ecellswere deprived
of serum and then stimulated with insulin in the
presence or absence of rapamycin or Torin1
(Fig. 1A). Wild-type (TSC2+/+) and TSC2-null
(TSC2−/−) mouse embryonic fibroblasts (MEFs),
which have increased mTORC1 signaling, were
also treated with or without Torin1 (Fig. 1A).

Under these conditions, phosphorylation events
known to be downstream of mTORC1 (e.g.,
rapamycin-sensitive S6K1 T389 and rapamycin-
insensitive 4E-BP1 T37 and T46) and mTORC2
(e.g., Akt S473, PRAS40/AKT1S1 T246, NDRG1
T346) behaved as expected (fig. S1).

From the HEK-293E cells, we identified
4256 unique phosphopeptides corresponding to
47 phosphotyrosine and 4204 phosphoserine-
threonine sites on 1661 distinct proteins [false dis-
covery rate (FDR) ~1%, table S2]. Using a cutoff
of 2.5 median absolute deviations (MADs) be-
low the median log2(Torin1/Insulin ratio) (robust
z-score < −2.5), we identified 127 phosphopep-
tides from 93 proteins as sensitive to Torin1 and
designated them as mTOR-regulated (Fig. 1B).
From the MEFs, 7299 unique phosphopeptides
corresponding to 110 phosphotyrosine and 7145
phosphoserine-threonine sites on 2406 distinct
proteins were identified (FDR ~ 1%, table S2), of
which 231 phosphopeptides from174proteinswere
regulated by mTOR [−2.5 MAD, log2(TSC2

−/−

Torin1/TSC2−/− vehicle] (Fig. 1C). By this −2.5
MAD cutoff for both the HEK-293E and MEF
data sets, the mTOR-regulated sites were highly
enriched in canonical mTOR pathway phospho-
rylations (Fisher’s exact test P = 5.2 × 10−24 and
6.5 × 10−23, respectively; Fig. 1, B and C, and
table S1), an indication of the predictive potential
of the data to identify mTOR pathway compo-
nents. Additionally, we identified Torin1-sensitive
sites on lesser or only recently characterizedmTOR
substrates [CAP-GLY domain containing linker
protein 1 (CLIP1) S1158 (6), Unc-51–like kinase 1
(ULK1) S638 (7–9), and insulin receptor substrate
2 (IRS2) S616 (10)].

Global comparisons of the data sets revealed
several interesting features. In the HEK-293E
cells, phosphorylation changes resulting from
Torin1 treatment were markedly similar to those
observed under serum deprivation (Spearman’s
r = 0.66, P ~ 0, Fig. 1D), revealing that insulin-
regulated phosphorylations (both down- and up-
regulated) are largely mTOR dependent. The
effects of rapamycin and Torin1 treatment were
similar (Spearman’s r = 0.48,P ~ 0, Fig. 1E), but a
subset of Torin1-sensitive sites were not rapamycin
sensitive (upper left quadrant, Fig. 1E), including
4E-BP1 and 4E-BP2 T37 and T46 (5, 11, 12) and
the mTORC2-mediated Akt3 S472 and NDRG1
S330. Analysis of the MEF data set revealed that
phosphorylations that increase with TSC2 loss are
more likely to be inhibited by Torin1 (Spearman’s
r =−0.25,P=1.4×10−130) (Fig. 1F).Heirarchical
clustering of the conditions and sorting of the
phosphopeptide abundances in the HEK-293E
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cells also verified the similarity between serum
starvation and Torin1 treatment (fig. S2) and our
ability to discriminate between known rapamycin-
sensitive (fig. S2, top) and -insensitive (fig. S2, bot-
tom) sites, and showed that phosphorylations that
are rapamycin sensitive tend to be inhibited by
Torin1 treatment to a greater extent than those
that are not (fig. S2).

Pathway analysis of the candidate mTOR-
regulated proteins revealed enrichment (FDR<10%)
in processes downstream of mTOR, such as trans-
lation [Gene Ontology (GO):0006417] and reg-
ulation of cell size (GO:0008361), as well as
some not generally considered to be under mTOR
control (table S3). These include RNA splicing
(GO:0008380), DNA replication (GO:0006260),
vesicle-mediated transport (GO:0016192), and reg-
ulation of mRNA-processing bodies (GO:0000932),
signifying a broader role for mTOR signaling than
presently appreciated.

As the mTOR-regulated sites may be phos-
phorylated by mTOR or by downstream kinases,

we sought to distinguish direct substrates from
indirect effectors by determining a consensus
phospho-acceptor motif for mTOR. An exam-
ple of such amotif is the (R/K)X(R/K)XX(S*/T*)
sequence [X, any amino acid; asterisk (*), phospho-
acceptor] recognized by the mTOR substrates
Akt, S6K1, and SGK1, all members of the AGC
kinase family (13). Because mTOR phospho-
rylates hydrophobic motifs (HMs) of the AGC
kinases as well as the distinct proline-directed sites
of proteins such as 4E-BP1 and 4E-BP2 (fig. S3),
it is unknown if the kinase exhibits any motif spec-
ificity or if the choice of sites is entirely deter-
mined by factors beyond the primary substrate
sequence. We found that when combined with its
activator, guanosine 5′-triphosphate (GTP)–bound
Rheb, highly pure and intact mTORC1 (14) ro-
bustly phosphorylated an arrayed positional scan-
ning peptide library (15) (fig. S4 and Fig. 2A).
Although mTORC1 and mTORC2 phosphoryl-
ate distinct sets of substrates, they likely have
similar motif preferences as they share the same

catalytic domain. This unbiased assay revealed
that mTOR possesses selectivity toward pep-
tide substrates concordant with known mTOR
sites (figs. S3 and S4 and Fig. 2, A and B), pri-
marily at the +1 position at which mTOR pre-
fers proline, hydrophobic residues (L, V), and
aromatic residues (F, W, Y). This pattern of spec-
ificity at the +1 position is unique among all
kinases previously profiled (16). mTOR also ex-
hibits minor selectivity at other positions (fig. S4
and Fig. 2, A and B). These data suggest that
within the HM of the AGC kinases (fig. S3) the
−4 and −1 hydrophobic residues are dispensable
for mTOR recognition.

Combining our two approaches, we classified
the mTOR-regulated phosphorylation sites, first
by rapamycin sensitivity [HEK-293E, −2.5 MAD
log2(Rapamycin/Insulin)] or by increased phos-
phorylation in cells lacking TSC2 [MEFs, +2.5
MAD log2(TSC2

−/− vehicle/TSC2+/+ vehicle] (Fig. 2,
C andD; figs. S5 andS6; and table S4).Rapamycin-
sensitive sites or those up-regulated in TSC2−/−
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Fig. 1. Identification of the mTOR-regulated phosphoproteome. (A) Phos-
phopeptide abundances were determined from two sets of samples: HEK-293E
cells serum starved for 4 hours, treated with 100 nM rapamycin, 250 nM
Torin1, or vehicle control for 1 hour, and then stimulated with 150 nM insulin
for 20 min and TSC2+/+ and TSC2−/− MEFs treated with 100 nM Torin1 or
vehicle control for 1 hour. (B and C) Distributions of robust z-scores [median
absolute deviations (MADs) away from the median (B) log2(Torin1/Insulin) for
HEK-293Es or (C) log2(TSC2

−/− Torin1/TSC2−/− vehicle) for MEFs] for both rep-
licates. P values associated with enrichment for known mTOR-modulated

sites among the −2.5 MAD Torin1-sensitive phosphopeptides were deter-
mined by Fisher’s exact test. Phosphopeptides detected in both replicates had
to meet the −2.5 MAD threshold both times to be considered mTOR-regulated.
(D to F) Correspondence between (D) Torin1 treatment and serum deprivation
in HEK-293Es, (E) Torin1 and rapamycin treatment in HEK-293Es, and (F) Torin1
treatment and up-regulation in TSC2−/− MEFs. The relevant robust z-scores for
both replicates, phosphopeptides corresponding to known mTOR-modulated
sites, Spearman’s rank correlation coefficient (r), and associated P values are
indicated. Axes were truncated to aid in visualization.
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cells are likely mTORC1 regulated, whereas the
remaining sites could be downstream of either
complex. Second, we scored the sites by motif
into the following categories: (i) candidate direct
mTOR sites, (ii) candidate AGC kinase sub-
strates, or (iii) mTOR-regulated but by an unde-
termined mechanism (Fig. 2, C and D; figs. S5
and S6; and table S4).

Several candidate substrates implicate mTOR
in new aspects of cell growth regulation.WD repeat
domain, phosphoinositide interacting 2 (WIPI2)
(fig. S6), a sparsely characterized ortholog of the
yeast Atg18p, is a potential substrate implicated
in autophagosome formation (17). In addition, or-
thologs of the candidate substrates protein asso-
ciated with topoisomerase II homolog 1 (PATL1)
(fig. S5 and S6) and La ribonucleoprotein domain
familymember 1 (LARP1) (figs. S5 and S6) bind
RNA, localize to P-bodies, and control mRNA sta-
bility (18, 19). In yeast, Pat1p phosphorylation is
sensitive to rapamycin (20), and contributes to re-
pression of mRNA translation upon amino acid
withdrawal (21), suggesting that regulation of
mRNA degradation may be important for growth
control. Other potential substrates point to nascent
areas of mTOR biology. For example, mTOR pu-
tatively regulates the neural stem cell marker Nestin,
the pleiotropic transcription factor c-Jun, and the
myogenic stem cell transcription factor forkhead
box K1 (FoxK1) (fig. S6).

One candidate of special interest was the
adaptor protein growth factor receptor-bound

protein 10 (Grb10) (Fig. 2D and fig. S6). The
abundance of a Grb10 phosphopeptide with
putative mTOR motif sites was increased in the
absence of TSC2 and decreased after Torin1
treatment in both TSC2+/+ and TSC2−/− MEFs
(tables S2 and S4, Fig. 2D, and fig. S6), patterns
consistent with being in the mTORC1 pathway.
Conserved among vertebrates, Grb10 negative-
ly regulates growth factor signaling (22). It binds
the insulin and insulin-like growth factor 1 (IGF-1)
receptors, and mice without Grb10 are larger and
exhibit enhanced insulin sensitivity (23–25). Al-
though the ubiquitin ligase neural precursor cell
expressed, developmentally down-regulated 4
(Nedd4) does not directly ubiquitinate Grb10
(26), Nedd4-null mice have more Grb10 protein
and are insulin and IGF resistant, a signaling phe-
notype reminiscent of cells lacking TSC1 or TSC2
(27). Therefore, we speculated that Grb10 might
function downstream of mTORC1 to inhibit PI3K-
Akt signaling.

In SDS–polyacrylamide gel electrophoresis
analyses, Grb10 exhibited an insulin-stimulated
mobility shift that is partially sensitive to rapamycin
(Fig. 3A). In vitro phosphatase treatment elimi-
nated the shift, as did Torin1, indicating that the
shift results from phosphorylation and is depen-
dent on mTOR activity (Fig. 3, A and B). Amino
acids stimulated Grb10 phosphorylation and
were required for its serum-dependent phos-
phorylation (Fig. 3C), and in TSC2−/− MEFs,
Grb10 phosphorylation was retained in the ab-

sence of serum but lost upon acute rapamycin
and Torin1 treatment (Fig. 3D). These data point
to mTORC1, but not mTORC2, as the main reg-
ulator of Grb10. Consistent with this conclusion,
the loss of rictor, a core component of mTORC2,
did not affect Grb10 phosphorylation (fig. S7,
A and B).

In cells lacking S6K1 and S6K2, Grb10 was
still regulated in an mTOR-dependent manner
(fig. S7C), suggesting that it might be a direct
substrate. Indeed, Grb10 was phosphorylated in
vitro by mTORC1 to an extent comparable with
that of known substrates (Fig. 3E). The sites reg-
ulated by mTOR in vitro (Fig. 3G) and in cells
(Fig. 3H) were mapped to S104, S150, T155,
S428, and S476, which are located in or near the
proline-rich region or between the pleckstrin
homology (PH) and Src homology 2 (SH2) do-
mains (BPS) of Grb10 (Fig. 3F). In cells, all
sites were Torin1 sensitive, while S476 was also
rapamycin sensitive (Fig. 3H). Grb10 is therefore
similar to 4E-BP1, an mTORC1 substrate with
both rapamycin-sensitive and -insensitive sites
(Fig. 3I). We verified our characterization of these
sites with phosphospecific antibodies against
S150, S428, and S476 (Fig. 3J and fig. S8, A
and B). Mutation of the identified sites along
with a few neighboring residues eliminated the
mobility shift (Fig. 3K), indicating that most if
not all mTOR-regulated sites were localized.

mTORC1 inhibits PI3K-Akt signaling, but
the molecular connections involved are poorly
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Fig. 2. Characterization of a consensus mTOR phosphorylation motif.
(A) The position-specific scoring matrix (PSSM) resulting from quan-
tification of the in vitro phosphorylation of a positional scanning pep-
tide library by mTORC1. Abbreviations for amino acid residues: A, Ala;
C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; I, Ile; K, Lys; L, Leu; M, Met;
N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr.
(B) The visualized mTOR consensus motif. Letter height is proportional
to the PSSM score. Only those selected residues with scores greater
than a standard deviation from the average PSSM score within a row
are shown. (C and D) Classification of the mTOR-regulated phospho-
peptides in (C) HEK-293E and (D) MEFs organized by rapamycin
sensitivity [−2.5 MAD (log2 (Rapamycin/Insulin)] or TSC2 up-regulation
[+2.5 MAD log2(TSC2

−/− vehicle/TSC2+/+ vehicle)], consistency with the
mTOR motif (fifth percentile by Scansite), or presence of an AGC motif
[(R/K)X(R/K)XX(S*/T*)]. The numbers represent the number of unique
phosphopeptides or proteins. Refer to figs. S5 and S6 and table S4 for
more details.
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understood. One mechanism is the destabilization
of insulin receptor substrate 1 (IRS1) by S6K1
phosphorylation (10, 28). However, other mech-

anisms likely exist because loss of raptor, an es-
sential mTORC1 component, in S6K1−/−S6K2−/−

cells still activated Akt phosphorylation with-

out affecting IRS1 abundance (Fig. 4A). There-
fore, we tested whether mTORC1 might also
inhibit the PI3K pathway through Grb10. Con-
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Fig. 3. Grb10 is an mTORC1 substrate with rapamycin-sensitive and -insensitive
sites. (A) HEK-293E cells were deprived of serum for 4 hours, treated with 100 nM
rapamycin or 250 nM Torin1 for 1 hour, and then stimulated with 150 nM
insulin for 15 min. Cell lysates were analyzed by immunoblotting. (B) TSC2+/+

MEFs stably expressing FLAG-Grb10 were serum deprived for 4 hours, treated
with 250 nM Torin1 for 1 hour, and then stimulated with 150 nM insulin for
15 min. All FLAG-tagged Grb10 constructs correspond to isoform c of human
Grb10. FLAG immunoprecipitates were incubated in buffer, calf intestinal
phosphatase (CIP), or inactivated CIP and analyzed by immunoblotting. (C)
HEK-293E cells were deprived of amino acids or both amino acids and serum
for 50 min, and then stimulated with either amino acids or serum for 10 min
and analyzed by immunoblotting. (D) TSC2+/+ and TSC2−/− MEFs were treated
and analyzed as in (A). (E) mTORC1 in vitro kinase assays with substrates in
the presence of the indicated inhibitors and radiolabeled ATP were analyzed
by autoradiography. (F) Schematic representation of Grb10 protein structure

with the phosphorylation sites from vertebrate orthologs aligned below.
Numbering is according to human isoform a. (G) The phosphorylation state
of Grb10 from kinase assays performed similarly to (E) were analyzed by
targeted mass spectrometry and phosphorylation ratios determined from
chromatographic peak intensities. (H) FLAG immunoprecipitates from HEK-
293E cells stably expressing FLAG-Grb10 treated as in (A) were analyzed as
in (G). Data are meansT SEM (n = 2 to 6). *P < 0.05 for differences between
stimulated and treated conditions (Mann-Whitney t test). (I) A summary of
(F), (G), and (H) for each Grb10 phosphorylation site. (J) FLAG immuno-
precipitates from TSC2−/− MEFs stably expressing FLAG-Grb10 treated with
100 nM rapamycin or 250 nM Torin1 for 1 hour were analyzed by immuno-
blotting with Grb10 phospho-specific antibodies. (K) TSC2−/− MEFs stably
expressing FLAG-Grb10, 5A (S150A T155A S158A S474A S476A), or 9A (5A +
S104A S426A S428A S431A) mutants treated with 250 nM Torin1 for 1 hour
were analyzed by immunoblotting.
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sistent with this possibility, the short hairpin
RNA (shRNA)–mediated knockdown of Grb10
in HEK-293E and HeLa cells boosted Akt phos-
phorylation (fig. S9, A and B). This boost was
increased with rapamycin treatment and, to a
lesser extent, with S6K inhibition (29), suggest-
ing that Grb10 is important for feedback but that
other mTOR-dependent mechanisms are also at
play (fig. S9, A andB). Loss ofGrb10 in TSC2−/−

MEFs also restored insulin sensitivity to Akt
phosphorylation without affecting total IRS1
abundance or the phosphorylation of S636 and
S639 on IRS1 (Fig. 4B and fig. S9C). Although
in TSC2−/− cells Grb10 suppression or acute
rapamycin treatment each did not rescue insulin
signaling to the same extent as in wild-type cells,
the two in combination approximated the wild-
type level of Akt activation (fig. S9D). This res-
toration in growth factor sensitivity also applied
to increased autophosphorylation of the insulin
and IGF receptors, Erk1/2 activation, and IGF-1,

but not epidermal growth factor (EGF) and platelet-
derived growth factor (PDGF), stimulation (fig.
S10, A and B). Suppression of Grb10 also in-
creased tyrosine phosphorylation of IRS1 and
IRS2 and p85 PI3K recruitment by IRS, again in-
dependently of IRS protein abundance (Fig. 4C).
Compared to cells expressingwild-typeGrb10, cells
expressing an equivalent amount of nonphospho-
rylatable Grb10 had increased Akt phosphoryl-
ation, confirming that mTORC1 phosphorylation
is necessary for its inhibitory function (Fig. 4D
and fig. S10C).

We suspected that mTORC1-mediated phos-
phorylation of Grb10 might affect its stability,
because the more sites we mutated to alanine, the
more lentiviral expression construct was required
to achieve expression levels equivalent to that
of the wild-type protein. Grb10 is also highly
abundant in the TSC2−/− cells with hyperactive
mTORC1 signaling (Fig. 3D and fig. S11A), and
chronic mTOR inhibition decreased Grb10 pro-

tein abundance (fig. S11A) without significantly
affecting mRNA levels (fig. S11B). Indeed, de-
termination of Grb10 half-life by pulse-chase ex-
periments revealed at least a twofold decrease
(~12 hours to ~5 hours) in stability with either
mTOR inhibitor treatment (Fig. 4E) or muta-
tion of the mTOR sites to alanines (Fig. 4F).
Proteasome inhibition (fig. S11C), suppression
of Nedd4 (fig. S11D), or phosphomimetic muta-
tion of the mTOR sites (fig. S11E) rescued the
decrease in Grb10 protein caused by mTOR in-
hibition. Therefore, mTORC1 inhibits and de-
stabilizes IRS1 and simultaneously activates and
stabilizes Grb10 (fig. S12).

These results confirm the importance of the
mTORC1 pathway in regulating growth factor
signaling and clarify the nature of the feedback
loop to PI3K-Akt. Whereas acute mTORC1
inhibition leads to dephosphorylation of IRS1
and Grb10, chronic mTORC1 inhibition leads
to changes in the abundance of IRS and Grb10
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proteins, which are likely the most important
effects of mTOR inhibitors to consider in their
clinical use (Fig. 4G). Our findings also support
the idea (30, 31) that concomitant IGF-1 receptor
inhibition may improve the anticancer efficacy
of mTOR inhibitors. Finally, the discovery of
Grb10 as an mTORC1 substrate validates our
approach and suggests that the other potential
downstream effectors that we identified may also
serve as starting points for new areas of investi-
gation in mTOR biology.
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Phosphoproteomic Analysis Identifies
Grb10 as an mTORC1 Substrate That
Negatively Regulates Insulin Signaling
Yonghao Yu,1 Sang-Oh Yoon,1* George Poulogiannis,2 Qian Yang,1,3 Xiaoju Max Ma,1†
Judit Villén,1‡ Neil Kubica,1§ Gregory R. Hoffman,1 Lewis C. Cantley,2

Steven P. Gygi,1∥ John Blenis1∥

The evolutionarily conserved serine-threonine kinase mammalian target of rapamycin
(mTOR) plays a critical role in regulating many pathophysiological processes. Functional
characterization of the mTOR signaling pathways, however, has been hampered by the paucity
of known substrates. We used large-scale quantitative phosphoproteomics experiments to
define the signaling networks downstream of mTORC1 and mTORC2. Characterization of one
mTORC1 substrate, the growth factor receptor–bound protein 10 (Grb10), showed that
mTORC1-mediated phosphorylation stabilized Grb10, leading to feedback inhibition of the
phosphatidylinositol 3-kinase (PI3K) and extracellular signal–regulated, mitogen-activated
protein kinase (ERK-MAPK) pathways. Grb10 expression is frequently down-regulated in
various cancers, and loss of Grb10 and loss of the well-established tumor suppressor phosphatase
PTEN appear to be mutually exclusive events, suggesting that Grb10 might be a tumor
suppressor regulated by mTORC1.

The evolutionarily conserved Ser-Thr pro-
tein kinase mammalian target of rapamy-
cin (mTOR) functions as the core catalytic

component of two structurally and functionally
distinct signaling complexes. mTOR complex
1 (mTORC1) regulates protein translation, au-
tophagy, and cell growth, whereas mTOR com-
plex 2 (mTORC2) regulates the actin cytoskeleton
and cell survival (1–3). mTORC1 and mTORC2
respond to upstream inputs such as growth fac-
tors, energetic status, and amino acid levels (3),

but relatively few downstream targets of mTOR
have been identified.

Misregulated mTOR activity is a common fea-
ture of most cancers (1), but clinical trials eval-
uating the mTORC1 selective inhibitor rapamycin
as an anticancer agent have met with limited suc-
cess (2). Rapamycin resistance has emerged as a
major challenge to its clinical use (4) and is caused
in part by feedback loops that activate the phos-
phatidylinositol 3-kinase (PI3K) and extracellular
signal–regulated, mitogen-activated protein kinase

(ERK-MAPK) signaling pathways in rapamycin-
treated cells through poorly understood mecha-
nisms (5, 6). Identifying substrates of mTORC1
and mTORC2 will be important for understand-
ing how mTOR signals downstream and for de-
fining components of feedback loops involved in
rapamycin resistance.

We performed two sets of large-scale, quan-
titative phosphoproteomics experiments to char-
acterize the signaling network downstream of
mTOR (Fig. 1 and figs. S1 to S3). The first stable
isotope labeling with amino acids in cell culture
(SILAC) experiment (Rapa screen) was performed
usingTsc2−/−mouse embryonic fibroblasts (MEFs)
[see supporting online material (SOM) text for
detailed description of the screen]. We identified
4484 and 6832 unique phosphorylation sites
on 1615 and 1866 proteins from two biological
replicate experiments, respectively (table S1 and
databases S1 and S2).
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